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SUMMARY 
 
This thesis focuses on the development of doped silicon thin films 
suitable for device integration into heterojunction silicon wafer solar cells and 
subsequently the modelling of heterojunction and hybrid heterojunction silicon 
wafer solar cells that utilize these films. Three key research areas were 
investigated: 1) development of doped silicon films that exhibit low parasitic 
absorption loss, high conductivity, and low damage to underlying intrinsic 
buffer layer; 2) reducing rear optical losses by adopting a conductive 
distributed Bragg reflector using the developed conductive films; and 3) 
reducing front optical losses by using a novel hybrid heterojunction silicon 
wafer solar cell concept. The key findings are listed below: 
 Firstly, the optimised doped silicon films are found to exhibit a film 
microstructure in the transition of amorphous to microcrystalline phase, and 
exhibit the desired high optical transparency, high electrical conductivity, and 
do not degrade the underlying intrinsic buffer layer responsible for the surface 
passivation of the silicon wafer. The feasibility of the developed doped silicon 
films for device integration was also demonstrated from the measured 
intensity dependent effective carrier lifetime curves of heterojunction carrier 
lifetime structures [p+/i/c-Si(n)/i/p+] and solar cell structures [p+/i/c-Si(n)/i/n+] 
as compared to [i/c-Si(n)/i] structures alone. Simulation studies suggest that 
the optimal deposition condition of the doped silicon films coupled with a 
post-deposition hydrogen annealing step achieves both efficient field effect 
passivation, as well as further improvement to the a-Si:H(i)/c-Si interface 
quality (~2 orders of magnitude reduction in the interface defect density).  
  viii 
Secondly, given the cost motivations for thinner silicon wafers, and the 
importance of light trapping for such wafers, a novel conductive distributed 
Bragg reflector (DBR) consisting of the in-house developed doped micro-
crystalline silicon films μc-Si:H(n) and an additional transparent conductive 
oxide film ZnO:Al has been developed for increasing the rear interface optical 
reflectance for near-infrared photons. Although these conductive films exhibit 
non-zero extinction coefficients, resulting in a certain degree of parasitic 
absorption, it is demonstrated in this thesis that the advantages far outweigh 
the disadvantages in which an increasing number of DBR unit blocks lead to 
(a) an increased peak reflectance and (b) an increased conductivity of the 
combined stacks. For the target peak reflectance wavelength range of 900 ± 
200 nm, a peak reflectance of over 90% and a sheet resistance of less than 
10 Ω/□ have been achieved for 5 DBR unit blocks on a glass substrate. 
Simulation studies further demonstrate the feasibility of the proposed 
conductive DBR for device integration, given that heterojunction silicon solar 
cells using 5 DBR unit blocks delivers an efficiency improvement of 7.3% 
(relative), i.e., from 21.9 to 23.5 % (absolute) as compared to the standard film 
thicknesses. 
Finally, to reduce the front optical losses (in particular the parasitic 
absorption losses by the front TCO/silicon layers), a novel hybrid hetero-
junction silicon wafer solar cell concept utilizing a diffused front surface and 
heterojunction rear point contacts was proposed and numerically analysed. 
Hybrid heterojunction solar cells utilizing a diffused front surface are 
evaluated to exhibit higher JSC potential (> 40 mA/cm2), and improved fill 
factor exceeding that of the conventional heterojunction silicon solar cells. 
  ix 
Rear point contacts are shown to improve the cell efficiency, although an 
independent optimisation of the point-contact size is required for both front 
and rear emitter devices in order to balance the gain in VOC and JSC with the 
drop in FF with shrinking rear contact area fractions, which will determine the 
optimum contact geometry for the highest solar cell efficiency. In particular, 
using the diffusion profiles and heterojunction layers as processed in SERIS, a 
simulated cell efficiency of 23.4 % for the hybrid(a-Si) solar cell is predicted 
(as compared to a diffused solar cell efficiency of 22.7 % and a heterojunction 
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CHAPTER 1 : Introduction 
1.1 Overview of today’s solar cell market 
Today’s society is highly energy dependent due to demands from 
industrialization, urbanization and an increasing population. Based on the 
world energy outlook report by the International Energy Agency (IEA) [1], the 
world population is predicted to increase from 7 billion in 2011 to 8.7 billion 
in 2035, which is a fundamental driver of energy demands, and the continued 
dominance of fossil fuel usage will lead to dwindling reserves leading to 
increased costs, further detrimental impacts to climate change and increased 
CO2 emissions. To address this issue, renewable energy sources are actively 
pursued, and now exceed 19% of the global final energy consumption as of 
recent reports [2]. In particular, solar photovoltaic experienced the fastest 
capacity growth rates as compared to other energy technologies like 
geothermal power, hydropower, wind or biofuels production (see Figure 1.1). 
 
Figure 1.1. Average annual growth rates of renewable energy capacity and 
biofuel production, End-2008 to 2013 [2]. 
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In our context, it is estimated that the Earth receives an annual energy 
of 1018 kWh from the Sun which is about 20,000 times more than mankind’s 
present annual energy consumption, and efforts to tap this inexhaustible 
energy has grown tremendously [3] over the past decade (Figure 1.2). At the 
end of the year 2013, the total photovoltaic (PV) installed capacity in the 
world has reached 139 GW.  
 Different types of solar cell designs have already been demonstrated 
[4], ranging from monocrystalline/multicrystalline solar cells, thin-film solar 
cells, organic solar cells, tandem cells, concentrator cells and varying choice 
of materials such as silicon, gallium arsenide (GaAs), copper indium selenide 
(CIS), copper indium gallium selenide (CIGS), to cadmium telluride (CdTe). 
It is appropriate to highlight that the dominant technology is presently based 
on crystalline silicon, although thin-film technologies (in particular CIGS and 
CdTe) are predicted to gain market share in the future [3, 5]. The focus of this 
thesis is on heterojunction silicon wafer solar cells which utilize both, 
crystalline silicon as well as thin-film silicon technologies. 
 
Figure 1.2. Evolution of global photovoltaic cumulative installed capacity 
(MW) from 2004 to 2013 [2]. 
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1.2 Heterojunction silicon wafer solar cells 
Crystalline silicon based photovoltaics [6] has dominated the global 
market (present share ~90 %) over the past decade. Based on the crystalline 
silicon technology, various high-efficiency solar cell architectures have been 
reported [7], aiming to improve on the “standard” diffused solar cell archi-
tecture, in which the heterojunction silicon wafer solar cell concept is one of 
the promising candidates with cell efficiencies exceeding 24 %. In the 
following sections, a brief review of the conventional diffused solar cell 
architecture is provided, and compared to the standard heterojunction solar 
cell architecture. Furthermore, additional concepts to further improve on the 
standard heterojunction solar cell architecture are briefly outlined, which will 
be evaluated in the course of this thesis. 
 
1.2.1 Motivation and key advantages 
Meaningful photovoltaic action requires a structure in which symmetry 
is broken. For a typical diffused solar cell structure depicted in Figure 1.3, the 
boron-diffused emitter at the front and the phosphorus-diffused back surface 
field (BSF) at the rear of the solar cell give rise to this required break in 
symmetry. The photogenerated holes and electrons are collected at the front 
emitter and rear BSF regions, respectively. Suitable dielectric passivation 
films (i.e. SiNx layers in this schematic) are also deposited on the un-contacted 
regions of the diffused solar cells, to serve two main purposes; firstly to 
passivate the wafer surface, and secondly to act as an anti-reflection coating, 
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usually for a wavelength of 0.6 µm, which is close to the peak power of the 
solar spectrum.  
 
Figure 1.3. Schematic of a conventional diffused silicon wafer solar cell 
structure.  
 
In comparison, for a typical heterojunction silicon wafer solar cell 
(HET) as shown in Figure 1.4, the deposition of various thin-film silicon 
layers that exhibit different doping, different electron affinities and different 
band gap energies onto the crystalline silicon substrate give rise to this 
required break in symmetry instead.  
 
 
Figure 1.4. Schematic of a heterojunction silicon wafer solar cell architecture 




Compared to a homojunction silicon wafer solar cell that utilizes 
diffused emitter and back surface field regions, heterojunction silicon wafer 
solar cells present several unique features. The asymmetric band offsets of the 
deposited layers can lead to an improved open-circuit voltage (VOC) due to 
reduced recombination at interfaces and metal contacts. In the HET solar cell 
concept, most thin film depositions are performed in the range of 150 - 250 ºC, 
making the usage of thin wafers possible given the reduced thermal budget. It 
is also reported that HET solar cells have a low temperature coefficient for 
VOC, indicating high photovoltaic output in both cold and warm climates [10]. 
A good example is Panasonic’s “HIT” (Heterojunction with Intrinsic Thin 
layer) cell which, in 2013, achieved a very high efficiency of 24.7% for a 
bifacial structure (see Figure 1.4) based on a heterojunction stack of TCO/ 
doped/intrinsic amorphous silicon thin films on a thin crystalline silicon 
substrate (< 100 μm) [8, 9]. Very recently, Panasonic also demonstrated a new 
world record efficiency of 25.6 % for an all-back-contact “HIT” cell [11]. 
 
1.2.2 Key limitations to cell performance 
 Despite the high efficiency reported for the bifacial “HIT” cells, there 
are still some key limitations to cell performance. These include optical losses 
(i.e. at both the front and rear surfaces), recombination losses, and resistance 
losses as illustrated in Figure 1.5. Novel concepts to overcome the optical 
losses will be further elaborated in Chapter 2 and will be investigated within 
this thesis.  
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Figure 1.5. Illustration of losses that occur in HET solar cells (from Ref. [12]). 
 
The main losses can be summarized as follows: 
(i) A good a-Si(i)/c-Si interface quality is a fundamental requirement to 
reduce interface recombination losses, and to achieve high solar cell efficiency. 
In this aspect, the optimization of the deposition conditions of subsequent 
layers following the intrinsic a-Si:H buffer layer is also important, as the non-
optimum deposition conditions of the doped silicon films or TCO films can 
degrade the underlying intrinsic buffer layer and consequently the interface 
quality, leading to increased recombination losses.  
(ii) The optical losses can be differentiated into the front and rear optical 
losses. Given the cost motivations with thinner silicon wafers [13], reducing 
rear optical losses becomes increasingly important, particularly for near-
infrared photons due to their much higher absorption depth as compared to 
short-wavelength photons. On the other hand, a significant amount of the front 
optical losses is contributed by the front TCO and the doped silicon films. 
These heterojunction films need to be optimised for high conductivity in order 
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to ensure an efficient charge transport to the metal contacts. However, there is 
a significant parasitic absorption, which reduces the number of photons 
available for photo-generation in the c-Si absorber, thus often limiting the 
short-circuit current density to values below 40 mA/cm2. 
 
1.2.3 Alternative concept: Conductive distributed Bragg reflector 
suppressing rear optical losses 
 
To improve the rear optical losses, a novel device architecture, using a 
conductive distributed Bragg reflector (DBR) is proposed in this thesis, to be 
placed at the rear of the solar cell to enhance the rear interface reflectance of 
near-infrared photons for further photogeneration in the silicon wafer (see 
Figure 1.6). By suitably choosing alternating stacks of TCO and doped 
microcrystalline silicon films, the overall optical reflectance at the target 
wavelength and its bandwidth (i.e. 900 ± 200 nm) can be highly enhanced for 
near-infrared photons, giving a higher short-circuit current potential. 
 
 
Figure 1.6. Schematic of a heterojunction Si wafer solar cell with a conductive 
“Distributed Bragg Reflector” (DBR) placed at the rear of a silicon wafer. 
Over here, 3 DBR unit blocks consisting of alternating layers of n-doped 
microcrystalline Si films and Al-doped zinc oxide TCO films are utilized.  
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1.2.4 Alternative concept: Hybrid silicon solar cell with rear-side 
heterojunction point contacts suppressing front side optical 
losses  
 
To address the parasitic absorption losses which occur in the front 
TCO and front-side heterojunction silicon films of conventional heterojunction 
solar cells (as outlined in Figure 1.4), a novel hybrid heterojunction silicon 
wafer solar cell concept proposed by Stangl et al.[14] is investigated in this 
thesis. It adopts a conventional diffused front in combination with a rear-side 
heterojunction point-contact scheme, see Figure 1.7. This novel solar cell 
architecture avoids the front optical losses caused by the front TCO/silicon 
films in the conventional heterojunction silicon wafer solar cells, and enhances 
the rear interface optical reflectance of near-infrared photons at the passivated 
rear regions, hence reducing rear optical losses as well. The feasibility of using 
hybrid heterojunction silicon wafer solar cell has been demonstrated by 
Fraunhofer ISE [15] in 2010, adopting a phosphorus diffused front surface, 
and a full-area heterojunction rear emitter, with an efficiency of 19.8% on an 
active area of 4 cm2. This thesis extends this concept by investigating hybrid 
heterojunction solar cells for both the front emitter and rear emitter 
configurations, and varying rear contact area fractions from a full-area hetero-
junction rear contact to point contacts. This solar cell architecture is expected 
to give higher solar cell efficiencies, arising from the improvement to rear 
surface recombination, and reduced optical losses at both the front and rear 
surfaces.  
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  (a) (b)
 
Figure 1.7. Schematic of a hybrid heterojunction silicon solar cell (adopting a 
front-side full-area diffused homojunction emitter / FSF and rear-side hetero-
junction point contacts) for both the (a) front emitter and (b) rear emitter 
configuration respectively.  
 
1.3 Thesis motivation 
Potential design optimizations for heterojunction silicon solar cells 
shall be investigated within this thesis. To maintain or even improve the  
a-Si:H(i)/c-Si interface quality upon the additional deposition of the doped 
silicon films, the optimisation of the doped film deposition conditions is 
important, which forms the first topic investigated in this thesis. The ideal 
doped silicon films should exhibit both high transparency and high 
conductivity, while not degrading the underlying intrinsic buffer layer 
responsible for chemical passivation of the interface. In this aspect, doped 
silicon films deposited in the transition region of amorphous to micro-
crystalline silicon are potential candidates to meet this need, and are 
investigated in this thesis. To study any degradation of the underlying intrinsic 
buffer layer after the deposition of the doped silicon films, the use of micro-
Raman spectroscopy for characterizing a doped-silicon/intrinsic a-Si:H film is 
investigated.  
The usage of thin wafers (< 100 µm) is an attractive option for 
heterojunction silicon solar cell technology due to its low thermal budget of 
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the processing steps. However, reduced photo-generation is expected with 
thinner substrates, especially for near-infrared (~1000 nm) photons due to 
their much higher absorption depth. To address this issue, methods to increase 
the rear interface reflectance for these photons should be devised. One 
possible approach is to apply a distributed Bragg reflector (DBR) at the rear of 
the silicon wafer, as already briefly described in Section 1.2.3. Using 
conductive DBRs instead of dielectric (insulating) DBRs, which has already 
been proposed in literature, a significant reduction of process steps is expected. 
Thus, this thesis investigates the feasibility of a novel conductive DBR scheme, 
consisting of the developed doped silicon films in combination with 
transparent conductive oxide (TCO) films. 
One key challenge of conventional heterojunction silicon solar cells is 
to attain a high short-circuit current JSC (i.e. values > 40 mA/cm2). Due to 
parasitic absorption within the front TCO and doped / intrinsic silicon thin 
film layers, the number of photons available for photo-generation in the c-Si 
absorber is reduced. Furthermore, it is well understood that the surface 
recombination using a point-contacting scheme is usually much lower than a 
full-area contact, even when using heterojunction contacts, due to the excellent 
passivation provided by dielectric layers for the un-contacted regions [9]. This 
thesis investigates the feasibility and efficiency potential of a novel hybrid 
heterojunction silicon solar cell concept as sketched in Section 1.2.4, utilizing 
the above-mentioned developed doped silicon films, as well as intrinsic thin-
film silicon buffer layers and dielectric passivation layers developed in-house.  
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1.4 Thesis outline  
After an introduction to the topic (Chapter 1), Chapter 2 provides 
some background knowledge about heterojunction silicon solar cells, 
including recent reported cell efficiency results from various companies and 
institutes, the working principles, the key loss mechanisms and some of the 
approaches taken by researchers to address these issues till date. Since the 
doped silicon film is deposited via plasma-enhanced chemical vapour 
deposition (PECVD), an overview of the PECVD process and its key 
considerations are outlined. To address the rear optical losses using a 
distributed Bragg reflector (DBR) scheme, the theory behind the DBR is 
introduced. To address the front optical losses, the working principles and key 
advantages underlying the proposed novel hybrid heterojunction silicon wafer 
solar cell concept are described. Finally, the basics of semiconductor device 
modelling are outlined, which will lay the foundations for the three-
dimensional numerical device modelling of heterojunction silicon solar cells 
used within this thesis.  
Chapter 3 focuses on the design, fabrication, and characterisation of 
the doped silicon thin-film layers (both p-doped and n-doped) which exhibit a 
transition in the amorphous to microcrystalline phase for application in hetero-
junction silicon solar cells. The influence of the various deposition conditions 
on the electrical, optical, and microstructural properties of the doped films on 
different substrates (i.e. glass and intrinsic a-Si:H) are investigated. It is 
demonstrated that an intrinsic a-Si:H substrate favours doped silicon film 
growth in this transition phase region at device relevant thickness (~10 nm). 
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Corresponding lifetime test samples, utilizing the optimized doped silicon 
films together with intrinsic a-Si:H buffer layers developed by my SERIS 
colleague Ge Jia, demonstrate high implied open-circuit voltages (~725 mV) 
suitable for device integration.  
Chapter 4 introduces the different heterojunction silicon solar cell 
architectures to be investigated by means of numerical computer simulation, 
and the development of a three-dimensional (3D) simulation model to achieve 
this purpose. The 3D simulations were calibrated twofold; firstly towards the 
experimental results reported by the world-leading Panasonic research team, 
and secondly towards the measured intensity dependent effective carrier 
lifetime curves, utilizing our in-house developed silicon films, dielectric films, 
and diffusion profiles on both diffused and undiffused c-Si wafers. The 
resulting calibrated simulation models are subsequently used to analyse the 
observed improvement in the measured lifetime curves of test samples, using 
the developed doped silicon layers, and to predict the influence of the 
a-Si:H/c-Si interface defect density on the carrier lifetime curves and on the 
final solar cell performance.  
Chapter 5 focuses on the development of a novel conductive 
distributed Bragg reflector consisting of two in-house developed highly 
conductive thin-film materials typically applied as the rear back surface field 
(BSF) and transparent conductive oxide (TCO) of conventional heterojunction 
silicon wafer solar cells (i.e. n-doped hydrogenated microcrystalline silicon 
µc-Si:H(n) and aluminium-doped zinc oxide ZnO:Al) to achieve both high rear 
interface optical reflectance and high conductivity for application in hetero-
junction silicon solar cells. From the wavelength dependent complex refractive 
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indices, the wavelength dependent reflection bandwidth is analysed and the 
optimum thicknesses for both µc-Si:H(n) and ZnO:Al are selected. Both 
experimental results on glass and metal substrates as well as simulation results 
on a device level demonstrate the feasibility of these two conductive thin films 
for heterojunction silicon solar cell applications, despite the presence of 
photon absorption losses in these films with non-zero extinction coefficients. 
Chapter 6 investigates the efficiency potential of a novel hybrid 
(homojunction/heterojunction) silicon wafer solar cell concept using a three-
dimensional (3D) numerical modelling and analysis approach. The influence 
of the rear-side point-contacting scheme using either a-Si based heterojunction 
contacts, µc-Si based heterojunction contacts or diffused homojunction 
contacts is investigated as a function of the rear contact area fraction. The 
corresponding solar cell performance is compared to conventional full-area 
contacted heterojunction silicon wafer solar cells and to conventional diffused 
solar cells, for both front-emitter and rear-emitter configurations. The 
efficiency potential of these hybrid cells is shown to be higher than that of the 
conventional solar cell architectures. 
 
Chapter 7 summarizes the research work performed in this thesis and 
outlines potential areas for future work. 
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CHAPTER 2 : Background 
2.1 History of heterojunction silicon wafer solar cells 
The study of a-Si:H/c-Si heterostructures dates back as far as 1974 by 
Fuhs and co-workers [16]. In 1983, Hamakawa and co-workers reported the 
first solar cell using a silicon-based heterojunction, also known as the 
Honeymoon cell [17, 18]. The improvement of the interface quality between 
the doped a-Si:H and c-Si was also increasingly researched [19, 20]. In the late 
1980s, Sanyo started to incorporate heterojunctions into c-Si wafer-based solar 
cells, which was motivated by the study of low-temperature emitters 
applicable for thin-film poly-Si solar cells [21]. The first devices by Sanyo had 
cell efficiencies close to 12%, prompting further improvements to process and 
cell designs. The subsequent development of the Heterojunction with Intrinsic 
Thin-layer (HIT) structure demonstrated reduction in the interface defect 
density, allowing a cell efficiency of 14.5% in 1990. Further improvements in 
the HIT solar cell technology, by addressing the key loss mechanisms as 
described in Section 2.3, have allowed many research institutes and companies 
to improve on HIT cell efficiency over the years. In particular, Panasonic 
(which bought Sanyo) holds the record of 24.7% efficiency for the bifacial 
heterojunction silicon solar cell structure till date. Table 2.1 shows a summary 
of recently achieved efficiencies for heterojunction silicon wafer solar cells 
(sorted by efficiencies for large-area and small-area cells) by various research 
institutes and companies. 
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Table 2.1. Cell efficiencies for heterojunction silicon solar cells from various 
institutes / companies depending on wafer material and cell area. 
   Wafer Area  Jsc Voc FF Eff Publication   
  FZ/CZ (cm2) (mA/cm2) (mV) (%) (%) year Ref. 
Panasonic1 n-CZ 144 41.8 740 82.7 25.6 2014 [11]
Panasonic n-CZ 101 39.5 750 83.2 24.7 2013 [9] 
Kaneka n-CZ 171 40.0 738 81.9 24.2 2013 [22] 
AU Optronics n-CZ 238.9 37.5 724 81.9 22.3 2013 [23] 
Choshu n-CZ 243 37.2 733 81.8 22.3 2013 [24] 
CEA-INES n-FZ 103 38.7 733 78.5 22.2 2012 [25]
Sharp n-CZ 3.7 41.4 730 81.8 24.7 2013 [26] 
LG1 n-FZ 4 41.8 723 77.4 23.4 2012 [27] 
Choshu n-CZ 4 38.4 722 80.2 22.3 2012 [28] 
EPFL, IMT n-FZ 4 38.9 727 78.4 22.1 2013 [29] 
Roth & Rau n-CZ 4 38.5 735 77.5 21.9 2011 [30] 
1 The efficiency was achieved on an all-back-contact scheme. 
 
2.2 Working principles of heterojunction silicon solar cells 
The design of the HET solar cell is based on the low-temperature 
(~200 °C) deposition of thin intrinsic amorphous silicon, emitter and back 
surface field layers on a crystalline silicon wafer. This is followed by the 
deposition of transparent conductive oxide (TCO) layers and a subsequent 
metallization process, as shown in Figure 2.1(a).  
 
Figure 2.1. (a) Schematic of a typical heterojunction silicon wafer solar cell. (b) 
Corresponding band diagram [31]. Note: The lateral dimensions are not to 
scale, i.e. the thin-film layer thicknesses are greatly exaggerated, in order to 
sketch the band bending in these ultra-thin films. 
 
As seen in Figure 2.1(a), the 5 nm thick intrinsic amorphous silicon a-
Si:H(i) serves as the passivation of the crystalline silicon substrate, before the 
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deposition of the p-doped amorphous silicon a-Si:H(p+) which will serve as 
the holes collecting junction, and the n-doped amorphous silicon a-Si:H(n+) 
which will serve as the electrons collecting junction. When the holes 
collection junction is located at the front, the desired properties of the 
doped/intrinsic silicon thin films include having a wide optical bandgap so as 
to reduce parasitic absorption losses, a sufficiently high film mobility in order 
to reduce series resistance, and a low valence band offset at the interface in 
order to facilitate holes collection. As for the electrons collection junction at 
the rear, the desired properties include having a high film mobility, a low 
conduction band offset, and a sufficiently high valence band offset so as to 
have an efficient collection of photogenerated electrons while minimizing the 
back diffusion of holes into the electron collecting junction and its associated 
recombination. For these doped / intrinsic silicon thin films, the optimisation 
of the deposition conditions is required to achieve films with low defect 
densities and the above-mentioned properties. Chapter 3 will provide details 
on the optimisation process to achieve device quality doped films suitable for 
device integration. In addition, the usage of n-type crystalline silicon substrate 
for the heterojunction silicon wafer solar cell concept is commonly reported 
and preferred over the p-type silicon substrate, due to the fact that p-type 
(boron-doped) silicon solar cells suffer from light induced degradation caused 
by the simultaneous presence of boron and oxygen in the wafers [32, 33], 
which will lead to a reduced solar cell performance upon exposure to sunlight. 
The n-type silicon wafers are also less susceptible to impurities in the silicon 
feedstock [34], hence presenting a lower manufacturing cost advantage over 
the p-type counterpart.  
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Since the deposited silicon thin films generally have different 
bandgaps and Fermi levels compared to their crystalline counterpart, the 
conduction / valence band offsets of the doped and intrinsic silicon thin films 
with respect to the crystalline silicon substrate is of interest. The valence band 
discontinuity ΔEV at an a-Si/c-Si interface is typically of the order of 0.45 eV 
(see, for example, the measured results from Schulze et al. [35] and Sebastiani 
et al. [36], using the photoelectric yield spectroscopy technique, as well as by 
conductance technique by Varache et al. [37]). Considering the typically 
reported bandgap of amorphous silicon (~1.7 eV) against that of crystalline 
silicon (1.1 eV), it follows that there is a larger band offset (~0.45 eV) at the 
valence band edges and a smaller band offset (~0.15 eV) at the conduction 
band edges, reflecting the small difference (~0.15 eV) in electron affinity 
between c-Si (~4.05 eV) and a-Si:H (~3.90 eV). Using this information, a 
band diagram for the HET cell can be constructed [31] (see Figure 2.1(b)). 
Considering the front contact region, although it is clear that the a-Si:H(p/i) 
layers facilitate the transport of photo-generated electrons to the rear surface, 
the efficiency of hole collection at the front surface may be blocked/reduced 
due to the valence band offset. Thermionic emission, tunnelling, and trap 
assisted carrier transport does mitigate this issue. On the other hand, the 
a-Si:H(i/n) stack at the rear does not obstruct electron transport due to the 
comparatively small conduction band offset. In addition, the presence of a 
large valence band offset between the a-Si:H(i/n) stack and the c-Si substrate 
is beneficial in repelling minority carriers (holes for a n-type c-Si substrate) 
from the back surface field layers, greatly reducing recombination losses, and 
a significant improvement in open-circuit voltage VOC can be expected.  
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 The role of the transparent conductive oxide (TCO) in this structure is 
twofold. Firstly, it acts as an antireflection coating, in which the film thickness 
can be optimised based on the refractive index to minimize reflection at the 
peak of the solar spectrum for enhanced photo-generation. Secondly, given 
that the deposited silicon thin-film emitter has lower conductance than a 
conventional diffused emitter, the application of the TCO layer provides a less 
resistive path to transport photogenerated charge carriers to the metal contacts. 
In addition, with a lower sheet resistance of the TCO layer as compared to the 
emitter layer, the metal grid can be wider, which reduces metal shading losses 
[38].   
Finally, the role of the metal layers is to collect the photogenerated 
charge carriers and to deliver them to the external load. However, there is a 
difference between metal contacts formed on conventional diffused solar cells 
and heterojunction solar cells: Contact formation for HET cells requires a low-
temperature annealing step after screen-printing, in order to maintain the 
quality of the underlying thin-film layers, which are all deposited at 
temperatures near 200 °C. For conventional diffused solar cells, a high-
temperature annealing step can be used instead, to achieve the same purpose 
of reducing the contact resistances. 
 
2.3 Loss mechanisms in the solar cells  
According to Nelson [4], there are three important conditions for an 
efficient solar cell device: efficient light absorption and electron-hole pair 
generation, efficient charge carrier separation, and efficient charge carrier 
transport. To assess the one-sun solar cell efficiency, the important 
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performance parameters include (i) short-circuit current density (JSC), (ii) 
open-circuit voltage (VOC), and (iii) fill factor (FF). There is a need to 
understand the losses present in the investigated cell architectures, and to 
reduce such losses for improved device performance. As shown earlier in 
Figure 1.5, the different types of losses in a heterojunction silicon solar cell 
can be broken down into (i) optical losses such as reflection, parasitic 
absorption in TCO and a-Si:H layers, and metal shading causing a drop in 
photo-generation and JSC, (ii) recombination losses such as poor interface 
properties or bulk film properties causing increased recombination rates and a 
drop in VOC and (iii) resistance loss contributions from thin-film layers, bulk 
wafer, and metal contacts causing a drop in FF.  
To address these different loss mechanisms, various approaches have 
been proposed and implemented by the Panasonic team, such as (a) surface 
texturing of wafers to enhance light trapping and reduce optical losses, (b) 
optimisation of intrinsic and doped a-Si:H layers to reduce their absorption, (c) 
development of alternative silicon-alloy based thin-film layers with higher 
bandgap to reduce absorption. An example is hydrogenated silicon carbide 
(a-SiC:H), (d) increasing the aspect ratio of the metal grid to reduce shading, 
(e) improve cleaning of the wafer surfaces prior to deposition to reduce 
recombination centres, (f) hydrogen termination of the silicon wafer surface to 
saturate dangling bonds and reduce interface defect state density, 
(g) optimisation of the TCO to balance between conductance and free carrier 
absorption to reduce series resistance and parasitic absorption of long-
wavelength photons, and (h) usage of microcrystalline silicon thin films for 
improved conductance and carrier transport.  
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Optimisations by other institutes have included using intrinsic / doped 
hydrogenated silicon suboxides [39], utilizing different TCO materials, 
developing wide-bandgap silicon alloy emitters [40], heterojunction rear 
emitters [24], and interdigitated back contact (IBC) concepts [41-43] to reduce 
parasitic absorption losses at the front surface. Alternatively, hybrid 
heterojunction solar cells incorporating a diffused front surface field (FSF), 
and full-area heterojunction rear emitter contacts from Fraunhofer ISE have 
been reported [15, 44]. 
The loss analysis of conventional diffused silicon wafer solar cells has 
been reported [45], whereby the front surface optical losses, series resistance 
losses, and a non-perfect internal quantum efficiency results in a contribution 
of 13%, 10% and 37% of the total power loss at the maximum power point. In 
perspective, for the heterojunction silicon wafer solar cell concept investigated 
in this thesis, the front surface optical losses are expected to be even higher 
due to the presence of parasitic absorption losses from the doped / intrinsic 
silicon thin films and the TCO films. Higher series resistance is also expected 
from the silicon thin films given the lower mobility reported in literature, and 
the requirement for improved light trapping at the rear surface increases, given 
the trend towards using thinner silicon wafers as part of lowering manufac-
turing costs. Hence, it is of keen interest in this thesis to explore novel 
approaches to address both optical losses and resistance losses based on a 
combination of experimental and simulation studies.  
In this thesis, to address the rear optical losses from using thinner 
wafers, the development and feasibility studies of a novel conductive DBR 
scheme that enhances the rear interface reflectance for near-infrared photons at 
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the rear of a silicon wafer is carried out. To address the front optical losses, as 
well as to further reduce rear optical losses, the analysis of a novel and 
recently patented [14] hybrid heterojunction silicon wafer solar cell concept 
that adopts a diffused front surface and heterojunction rear point contacts is 
investigated in this thesis. This cell structure is expected to benefit from lower 
front parasitic absorption losses, and enhanced rear interface reflectance of 
near-infrared photons at the passivated regions, hence increasing the short-
circuit current potential.  
 
2.4 PECVD process and considerations 
Amorphous silicon can be deposited by various techniques [46], and 
can be categorized into PECVD and non-PECVD methods. Non-PECVD 
methods such as physical vapour deposition produce silicon films which are 
generally more defective and lower quality as compared to films from PECVD 
methods. Variants of the PECVD methods have also been reported, such as (i) 
direct plasma-enhanced chemical vapour depositions (PECVD), (ii) remote 
plasma-enhanced chemical vapour depositions (RPECVD), and (iii) 
inductively coupled PECVD (ICP-PECVD). Since the majority of the silicon 
thin-film research in this work is carried out in a conventional RF (13.56 MHz) 
parallel-plate direct-plasma PECVD reactor, the following literature review 
will focus on this deposition method.  
Figure 2.2 shows an internal schematic of one of the PECVD chambers 
utilized in this work. The gas injector tube and pump outlet are on opposite 
sides of the chamber, and the RF power is coupled into the chamber via the RF 
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generator and the matching network. Various gas sources are available for 
different doping polarity requirements, such as diborane (B2H6) for p-type 
doping, and phosphine (PH3) for n-type doping. Both doping gases are 2% 
diluted in H2. Other commonly used gas sources include silane (SiH4), and 
hydrogen (H2).  
 
Figure 2.2. Schematic representation of a PECVD processing chamber of the 
clustertool. 
 
The major steps of a plasma-enhanced CVD process are shown in 
Figure 2.3 [47] which includes source gas diffusion, electron impact 
dissociation, gas-phase chemical reaction, radical diffusion, and deposition.  
 
Figure 2.3. Typical reaction sequence in PECVD [47]. 
 
During the glow discharge deposition process of a SiH4 plasma, the 
inelastic electron-impact process leads to reactive neutral species such as SiH, 
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SiH2, SiH3, Si2H6, H and H2, and ionized species such as SiH+, SiH2+, SiH3+, 
and so on [46]. While neutral species can diffuse from the plasma region 
towards the substrate, ionic species are driven by the electric field resulting 
from the voltage applied to the parallel plates, and accelerated towards the 
substrate. Through the interaction of ion bombardment, adsorption, migration 
and dissociation of the species, a series of primary and secondary reactions 
with the substrate occurs in which these species or their reaction products are 
incorporated into the growing film or are re-emitted from the surface into the 
gas phase. The usage of a plasma assisted gas decomposition reduces the 
substrate temperature required for the film deposition process, hence lowering 
the manufacturing costs. The lower temperature also facilitates the incor-
poration of hydrogen into the silicon thin film to passivate dangling bonds [48]. 
 To obtain high-quality hydrogenated silicon thin films, there is a need 
to understand and control the plasma physics and chemistry to obtain films 
with the desired properties. Multiple issues have been reported [49] that might 
degrade the film quality, such as ion bombardment of the film, presence of 
microparticles, and growth morphology from radicals with different sticking 
coefficients. Low energy (~50 eV for Si) ion bombardment helps to remove 
defect sites associated with SiH2 bonding, break weak Si-Si bonds [50] during 
growth and increase the percentage of monohydride (SiH) bonds which is 
beneficial for c-Si surface passivation [51]. However, at high energy ion 
bombardment, increased defect density and microstructural heterogeneity will 
degrade the film properties. On the other hand, microparticles are caused by 
ion and neutral nucleation during gas phase which can cause voids to form, 
which are correlated with poor film quality. In addition, radicals with low 
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sticking coefficient (for example SiH3) have been reported to exhibit high 
surface migration, and yield good-quality films with low surface roughness 
and reduced strain [52] as compared to radicals with high sticking coefficient 
which are associated with microscopic and macroscopic shadowing, leading to 
columnar growth and poor electronic properties. 
For the RF direct-plasma parallel-plate PECVD system utilised in this 
thesis, several deposition parameters can affect the deposited film quality [46]: 
(i) Electrode spacing: Determines the travel distance for radicals and glow 
discharge sustaining voltage through Paschen’s law [53]. The glow 
discharge sustaining voltage is a function of the product of the process 
gas pressure and the electrode spacing. The optimisation of the 
deposition pressure and electrode spacing is important to achieve high-
quality a-Si:H layers while avoiding gas-phase nucleation and powder 
formation.  
(ii) Power density: Increase in deposition rate with power density. 
Potential poor film quality and powder formation in the deposition 
chamber. 
(iii) Substrate temperature: Affects the reaction of adsorbed radicals and 
ions on the growing film surface. Increased temperature promotes 
nucleation rates and reduces microvoid density, but may reduce 
hydrogen content, causing poorer passivation.  
(iv) Feed gas concentration: Preferred deposition in silane excess regime so 
as to have sufficient SiH3 radicals for good-quality films. Adding 
doping gas alters the deposition rates, with phosphine lowering the 
deposition rate, while diborane has an opposite effect.   
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(v) Pressure: Deposition can be distinguished into its supply limited region, 
and power limited region, in which deposition rate is proportional to 
the pressure in the former, and remains constant in the latter. At low 
pressures, supply of SiH3 radicals is depleted more easily, and ion 
bombardment of the growing film surface is more severe, leading to 
poor film quality. For high-quality film deposition, the high pressure, 
power limited regime is favoured, but one needs to avoid gas phase 
polymerization.  
(vi) Gas flow rate: The flow rate is inversely related to the residence time 
(the average time that a gas molecule spends in the plasma). The 
longer the residence time, the higher the probability that the molecule 
will be dissociated and get incorporated into the film. However, the gas 
depletion issue needs to be addressed.   
(vii) Frequency: Increased frequency brings about benefits in deposition 
rates, and increases the power density threshold before onset of powder 
formation.  
From the short discussion of the impact of various deposition parameters, it is 
clear that any optimisation works must consider the close interaction of these 
deposition conditions.  
 
2.5 Distributed Bragg reflector (DBR): working principle 
Considering the wavelength dependent absorption coefficient charac-
teristics of Si wafers at 300 K [54], the absorption depth (L) which is inversely 
correlated to the absorption coefficient implies a larger absorption depth for 
long-wavelength photons as compared to short-wavelength photons. For 
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example, L ≈ 160 μm at λ = 1000 nm and L ≈ 0.1 m at λ = 400 nm. Hence, 
using thinner wafers is often associated with a reduced photo-generation and 
thus a lower short-circuit current density (JSC). The key challenge with thinner 
wafers is to enhance the optical path length by trapping long-wavelength 
photons within the absorber in order to increase the photogeneration rate.  
To address light trapping, several approaches have been adopted, 
including randomly roughened surfaces [55], periodic gratings [56-59] and 
distributed Bragg reflectors (DBR). There are several publications involving 
Bragg reflectors using at least one insulating or moderately conducting layer 
such as combinations of Si/Si3N4 or Si/SiO2 stacks [60, 61], porous silicon [62, 
63], TiO2 [64-66] or conductive materials like ITO [67-69]. In this thesis, a 
conductive distributed Bragg reflector for heterojunction solar cell application 
is proposed (see Figure 2.4) using in-house developed conductive films. 
 
Figure 2.4. Schematic of a heterojunction silicon wafer solar cell with a 
conductive “distributed Bragg reflector” (DBR) placed at the rear of a silicon 
wafer. In the case shown here, 3 DBR unit blocks consisting of alternating 
layers of n-doped microcrystalline silicon films and Al-doped zinc oxide TCO 
films are utilized.  
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Despite the inherent parasitic absorption losses exhibited by 
conductive thin-film materials, the key motivations for using a conductive 
DBR scheme include (1) reduced contact resistance and (2) a direct metal 
contact as compared to the dielectric or hybrid (dielectric/conducting) DBR 
stacks which demands additional procedures (such as combination of photo-
lithography, reactive ion etching, or laser ablation) to create metal contacts to 
the substrate. Careful optimisation of these additional steps is necessary to 
avoid damaging the substrate surface, which would result in higher 
recombination rates and lower cell efficiency. 
Similar to a semiconductor with a defined bandgap within which no 
electronic states can exist, an analogous situation is observed for photons in a 
distributed Bragg reflector (equivalently a one-dimensional photonic crystal 
[70]) as seen in Figure 2.5. If films with a periodically varying dielectric 
function (or index of refraction) are stacked together, the reflections and 
refractions of light from the various interfaces can create photonic bandgaps, 
which will forbid photon propagation in certain directions for a certain 
(designed) photon wavelength ߣ଴ within a certain bandwidth ∆ߣ଴.  
 
Figure 2.5. Schematic of a one-dimensional photonic crystal (‘distributed 
Bragg reflector’, DBR). The DBR consists of several DBR unit blocks. Each 
DBR unit block consists of alternating layers of two materials with different 
dielectric constants, with a period a. From Ref. [70].  
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To realise the DBR, periodic stacks of two layers (DBR unit blocks) 
with different refractive indices n1 and n2 are chosen, whereby n1 > n2. For the 
DBR unit block, the thicknesses of the individual layers d1 and d2 are typically 
chosen to satisfy a quarter-wavelength stack at the target peak reflectance 
wavelength [70]  
 ݀ ൌ ߣ଴4݊ 
   (2.1) 
whereby d is a function of the target peak reflectance wavelength ߣ଴ and the 
refractive index n of the layer at that wavelength. The objective of using a 
quarter-wavelength stack is to achieve quarter wavelength optical thicknesses 
for the individual layers, so that for a DBR with multiple periodic DBR unit 
blocks, only wavelengths within the designed peak reflectivity regions 
interfere constructively, while the rest interfere destructively to give lower or 
zero reflectance. The overall optical reflectance at the target wavelength and 
its bandwidth is thus highly enhanced, so that the designed distributed Bragg 
reflector acts as a mirror.  
It is also of relevance to find out the wavelength range (bandwidth) 
around the target peak reflectance wavelength for which high optical 
reflectance is expected. From experimental and theoretical analysis, the 






௡భା௡మ ቁ   (2.2) 
where ∆λ0 denotes the bandwidth at the target peak reflectance wavelength ߣ଴. 
The bandwidth ∆ߣ଴ defines the photonic gap between the first two bands of a 
quarter-wavelength stack, analogous to a bandgap in a semiconductor material. 
29 
If we define a refractive index contrast R such that R = n1/n2, the above 






ோାଵ ቁ , R=
௡భ
௡మ   (2.3) 
With an increasing refractive index contrast the gap-midgap ratio 
∆ߣ଴/ߣ଴ increases, see Figure 2.6, indicating a wider reflection bandwidth ∆ߣ଴ 
for the DBR unit block.  





















Figure 2.6.Gap-midgap ratio Δߣ଴/ߣ଴ of a DBR unit block as a function of the 
refractive index contrast R = n1/n2. 
 
The optical reflectance of a DBR can be expressed as [71]:  
ݎ ൌ ௡బሺ௡మሻమಿି௡ೞሺ௡భሻమಿ௡బሺ௡మሻమಿା௡ೞሺ௡భሻమಿ     (2.4) 
where no, n1, n2, ns are the refractive indices of the ambient, of Bragg material 
1, of Bragg material 2 and of the substrate, and N is the number of DBR unit 
blocks making up the DBR. From Figure 2.7, we can observe two phenomena: 
(1) the optical reflectance at the peak reflectance wavelength increases with 
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the number of DBR unit blocks, and (2) by using materials with higher refrac-
tive index contrast, it is possible to approach the maximum optical reflectance 
with a reduced number of DBR unit blocks. As an example, Figure 2.7 shows 
that a hypothetical DBR with a refractive index contrast of 1.5 would require 8 
DBR unit blocks to approach unity reflection, whereas a DBR with a refrac-
tive index contrast of 3.5 would only need 3 DBR unit blocks. Thus, when 
considering DBRs, it is logical to utilize materials with a high refractive index 
contrast in order to reduce the number of DBR unit blocks required, as well as 
to benefit from a wider reflection bandwidth.  
In this thesis, since the development of a conductive DBR with 
conductive thin films may exhibit considerable absorption in the infrared 
regime, we will have to consider (1) the wavelength dependence of the refrac-
tive indices as well as (2) the absorption induced by the various layers. A 
treatment of this issue is provided in the Appendix. 














number of DBR unit blocks
 R = 1.5
 R = 3.5
  
Figure 2.7. Calculated peak reflectance of a DBR at the peak reflectance 
wavelength λ0 with respect to the number of DBR unit blocks used, assuming 
air as ambient (n0 = 1), glass as substrate (ns = 1.51), and using R = n1/n2. Two 
hypothetical scenarios are shown: (i) DBR unit blocks with a refractive index 
contrast R=1.5 and (ii) a refractive index contrast R=3.5 
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2.6 Hybrid heterojunction silicon wafer solar cells: working principle 
 
One key challenge of conventional heterojunction silicon solar cells to 
attain high JSC (> 40 mA/cm2) lies in the parasitic absorption by the front TCO 
and doped/intrinsic silicon thin-film layers, reducing the incoming photons 
available for photo-generation in the c-Si absorber. A recently patented hybrid 
heterojunction silicon wafer solar cell concept [14] was proposed by my 
co-supervisor Dr Rolf Stangl, which combines a diffused front-side with rear-
side heterojunction point contacts, in order to address this issue (see Figure 
2.8). Part of the PhD work consisted in contributing to a SERIS internal 
project (CERP-05), which aims at an experimental realization of this solar cell 
concept. 
  (a) (b)
 
Figure 2.8. Schematic of a hybrid rear-side heterojunction point contacted 
solar cell, as proposed in [14].  
 
The key advantages of this hybrid heterojunction solar cell concept 
include: (1) lower front parasitic absorption and improved charge transport 
near the front surface, leading to a higher JSC and fill factor potential compared 
to conventional heterojunction cells; (2) lower rear contact recombination 
using a combination of heterojunction silicon films and dielectric passivation 
films and thus a higher VOC potential compared to conventional locally 
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diffused homojunction cells [9]; (3) process compatibility between the high-
temperature requirements for homojunction contact formation (usually 
temperatures above 800 ºC) and the low-temperature requirement for hetero-
junction contact formation (usually temperatures of about 200 ºC), by 
accepting some heterojunction degradation which takes place in the small 
regions of the point-contacts only; (4) avoidance of the TCO films; and (5) 
improved internal optical reflectance for near-infrared photons at the 
passivated rear regions as compared to the contacted regions [72], leading to 
enhanced light trapping and a higher short-circuit current density JSC.  
In this thesis, the efficiency potential of the hybrid heterojunction 
silicon wafer solar cell concept utilizing SERIS’ in-house developed thin-film 
layers is numerically evaluated as a function of the different rear contacting 
schemes and rear contact area fractions, and compared to conventional hetero-
junction silicon wafer solar cells and conventional diffused solar cells for both 
the front emitter and rear emitter configurations. 
 
2.7 Basics of semiconductor device modelling 
The application of device modelling brings several advantages. It 
provides insights into the process and device issues of existing designs, and 
facilitates the feasibility studies of novel device designs before actual 
fabrication, hence shortening the technology development cycle time, and 
reducing the R&D costs. 
While most device modelling of heterojunction silicon solar cells has 
been based on one-dimensional (1D) or two-dimensional (2D) simulation 
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models, in order to cater for advanced solar cell concepts utilizing rear point 
contacts, a three-dimensional (3D) device simulation model that is tailored to 
heterojunction silicon solar cells has been developed in this thesis. The 3D 
device simulation model is calibrated towards SERIS’ in-house developed 
silicon and dielectric passivation thin-film layers. More details will be given in 
Chapter 3 of this thesis.  
Generally, the modelling is divided into two aspects. First, the 3D 
optical simulation of the device is performed taking into account the optical 
constants (complex refractive indices) of the respective films, and the surface 
morphology of the substrate (planar or textured). The optical aspect is 
modelled via combining Monte Carlo raytracing and the transfer matrix 
method [73]. The optical generation rates as a function of the substrate thick-
ness is extracted, and subsequently applied to the 3D electrical simulation. 
For the electrical simulation of solar cells, the Poisson equation and the 
continuity equations for holes and electrons have to be solved for each 
semiconductor layer [74, 75].  
The solution of the Poisson equation gives the electrostatic potential ߮ 
according to  
׏ ൉ ሺߝߘ߮ሻ ൌ െqሺ݌ െ ݊ ൅ ஽ܰ െ ஺ܰሻ െ ρ୲୰ୟ୮  (2.5)  
where ߝ is the electrical permittivity, q is the elementary charge, n and p are 
the electron and holes densities, ND and NA are the concentration of ionized 
donors and acceptors, and ρ୲୰ୟ୮ is the charge density contributed by traps and 
fixed charges.  
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 The electron and hole densities can be computed from the electron and 
holes quasi-Fermi potentials. If Fermi-Dirac statistics is used, the carrier 
densities can be expressed according to 
݊ ൌ ߓ௡ ஼ܰexp	ቀாಷ,೙ିா಴௞் ቁ    (2.6) 
݌ ൌ ߓ௣ ௏ܰexp	ቀாೡିாಷ,೛௞் ቁ    (2.7) 
where ஼ܰ  and ௩ܰ  are the effective density-of-states, EC and EV are the 
conduction and valence band edges, ߓ௡ and ߓ௣ are correction factors in order 
to reflect the contribution of the Fermi-Dirac statistics in the carrier densities. 








௤ ׏ ∙ ܬԦ௣ ൅ ܩ௣ െ ܴ௣    (2.9) 
where G and R are the generation and recombination rates. The electron 
current density ܬԦ௡ and hole current density ܬԦ௣ can be approximated using the 
drift-diffusion model, considering Fermi-Dirac statistics, as 
ܬԦ௡ ൌ െݍߤ݊݊׏߮݊ ൅ ݍܦ݊ሺ׏݊ െ ݊׏ ln ߛ݊ሻ  (2.10) 
ܬԦ௣ ൌ െݍߤ݌݌׏߮݌ െ ݍܦ݌ሺ׏݌ െ ݌׏ ln ߛ݌ሻ   (2.11) 
where the current density is a function of the carrier mobility ߤ௡,௣, the change 
in electrostatic potential׏߮௡,௣,the change in carrier density ߘ݊, ߘ݌  and the 
diffusivities ܦ௡,௣	according to the Einstein relation of D =  kTߤ	/q. 
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While the generation rate G is provided mainly by photogeneration, the 
recombination of charge carriers can occur by different channels. It can occur 
via radiative (band-to-band) recombination according to  
ܴ௡,௣஻஻ ൌ ݎ஻஻ሺ݊݌ െ ߛ௡ߛ௣݊௜,௘௙௙ଶ )    (2.12) 
where the radiative recombination rate ܴ௡,௣஻஻  is a function of the radiative rate 
constant ݎ஻஻ and the effective intrinsic density ݊௜,௘௙௙ according to  
݊௜,௘௙௙ ൌ ඥ ௖ܰ ௩ܰ݁ݔ݌ ቀെ ா೒ଶ௞்ቁ exp ቀ
ா್೒೙
ଶ௞் ቁ  (2.13) 
where ܧ௚  denotes the bandgap of the material and ܧ௕௚௡  is additionally 
specified to address the doping-dependent bandgap narrowing effects. 
It can also occur via band-to-band Auger recombination ܴ௡,௣஺ 	given by: 
ܴ௡,௣஺ ൌ ൫ܥ௡݊ ൅ ܥ௣݌൯൫݊݌ െ ߛ௡ߛ௣݊௜,௘௙௙ଶ ൯  (2.14) 
with temperature-dependent Auger coefficients for electrons ܥ௡ሺܶሻ	and holes 
ܥ௣ሺܶሻ, and a reference temperature ଴ܶ of 300 K. 
ܥ௡ሺܶሻ ൌ ൬ܣ஺,௡ ൅ ܤ஺,௡ ቀ்బ்ቁ ൅ ܥ஺,௡ ቀ
்
బ்
ቁଶ൰ ൤1 ൅ ܪ௡exp	ሺെ ௡ே೚,೙ሻ൨   (2.15) 
ܥ௣ሺܶሻ ൌ ൬ܣ஺,௣ ൅ ܤ஺,௣ ቀ்బ்ቁ ൅ ܥ஺,௣ ቀ
்
బ்
ቁଶ൰ ൤1 ൅ ܪ௣exp	ሺെ ௣ே೚,೛ሻ൨  (2.16) 
Alternatively, recombination can also occur via deep-level defects 
within the bandgap of the semiconductor, also known as Shockley-Read-Hall 
(SRH) recombination according to  
  ܴ௡௘௧ௌோு ൌ ௡௣ିఊ೙ఊ೛௡೔,೐೑೑
మ
ఛ೛ሺ௡ାఊ೙௡భሻାఛ೙൫௣ାఊ೛௣భ൯   (2.17) 
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where   ݊ଵ ൌ ݊௜,௘௙௙exp	ቀா೟ೝೌ೛௞் ቁ  ;  ݌ଵ ൌ ݊௜,௘௙௙exp	ቀ
ିா೟ೝೌ೛
௞் ቁ         (2.18) 
and ܧ௧௥௔௣	is the difference between the defect level and the intrinsic level. The 
doping dependent SRH lifetimes of electrons ߬௡	and holes ߬௣	are expressed 
using the Scharfetter relation [76]: 
߬ௗ௢௣൫ ஺ܰ,଴ ൅ ஽ܰ,଴൯ ൌ ߬௠௜௡ ൅ ఛ೘ೌೣିఛ೘೔೙
ଵାቆಿಲ,బశಿವ,బಿೝ೐೑ ቇ
ം  (2.19) 
where ஺ܰ,଴ and ஽ܰ,଴	denotes the doping concentration of the semiconductor, as 
compared to a reference doping concentration ௥ܰ௘௙ of 11016 cm-3 . ߬௠௜௡ and 
߬௠௔௫ refer to the lowest and the maximum possible SRH lifetime (i.e., bulk 
intrinsic limit) for the semiconductor, respectively.  
The defects within the bandgap are defined based on their nature 
(acceptor-like or donor-like), their electron/hole capture cross sections ߪ௡, ߪ௣, 
and their energetic distribution Ntrap(E) within the bandgap of the semicon-
ductor. Ntrap(E) can be described in many approaches including  
 Point like distributed 
 Constantly distributed within a specific region within the band gap 
 Exponentially decaying from the conduction/valence band into the band gap: 
௧ܰ௥௔௣ሺܧሻ ൌ ௧ܰ௥௔௣஼,௧௔௜௟݁ݔ݌ ቆെ ா಴ିாா೟ೝೌ೛಴,೟ೌ೔೗ቇ ; ௧ܰ௥௔௣ሺܧሻ ൌ ௧ܰ௥௔௣
௏,௧௔௜௟݁ݔ݌ ቆെ ாିாೇா೟ೝೌ೛ೇ,೟ೌ೔೗ቇ(2.20) 
where ௧ܰ௥௔௣
஼,௧௔௜௟  and ௧ܰ௥௔௣
௏,௧௔௜௟  denotes the tail state density at the conduction / 
valence band, and ܧ௧௥௔௣஼,௧௔௜௟ and ܧ௧௥௔௣௏,௧௔௜௟ denotes the characteristic decay energy. 








మ ቇ     (2.21) 
which is a function of the total dangling bond state density ௧ܰ௥௔௣ௗ௕ , specific 
energy of the Gaussian dangling bond peak ܧ௧௥௔௣ௗ௕  , and the standard deviation 
of the Gaussian dangling bond distribution ߪ௧௥௔௣ௗ௕ . 
These defect levels are involved in the capture and emission of electrons from 
the conduction band and holes from the valence band. To fulfil the principle of 
detailed balance, the electrons capture rate ܿ௖௡  and emission rate ݁௖௡  to the 
conduction band can be expressed as 
ܿ௖௡ ൌ ߪ௡ݒ௧௛௡ ݊  ;  ݁௖௡ ൌ ߪ௡ݒ௧௛௡ ߛ௡ ௖ܰ݁ݔ݌ ቀா೟ೝೌ೛ିா೎௞் ቁ  (2.22) 
A similar expression for the holes capture rate ܿ௩௣	and emission rate ݁௩௣	to the 
valence band is 
ܿ௩௣ ൌ ߪ௣ݒ௧௛௣ ݌  ;  ݁௩௣ ൌ ߪ௣ݒ௧௛௣ ߛ௣ ௩ܰ݁ݔ݌ ቀாೡିா೟ೝೌ೛௞் ቁ  (2.23) 
where ݒ௧௛ refers to the thermal velocities. Fermi-Dirac statistics are taken into 
account with the additional factors ߛ௡  and ߛ௣ . If Boltzmann statistics is 






CHAPTER 3 : Design, fabrication and characterisation of 
doped silicon thin films 
 
This chapter focuses on the design, fabrication, and characterisation of 
the doped silicon thin film layers (both p-doped and n-doped) which exhibit a 
transition in the amorphous to microcrystalline phase for application in hetero-
junction silicon solar cells. The influence of the various deposition conditions 
on the electrical, optical, and microstructural properties of the doped silicon 
films on different substrates (i.e. glass and intrinsic a-Si:H) are investigated. 
While micro Raman spectroscopy is commonly used to analyse micro-
structural properties of intrinsic a-Si:H buffer layers, this chapter extends on 
this technique to analyse the doped silicon films and its influence on the 
underlying intrinsic buffer layer to gain new insights on the interaction of 
these stacked films. The developed doped silicon films deposited in the 
transition phase are evaluated via different heterojunction lifetime structures 
and its feasibility for device integration demonstrated. 
 
3.1 Methodology 
Figure 3.1 shows a photograph of the clustertool (MVSystems Inc, 
USA) used for this work. The clustertool consists of four separate radio 
frequency (RF) 13.56 MHz excitation parallel-plate plasma-enhanced 
chemical vapour deposition (PECVD) chambers, one sputtering chamber, one 
park station and one load lock. The PECVD chambers have the option to 
deposit intrinsic silicon layers, p-doped and n-doped silicon layers, and 
dielectric layers (SiNx, SiOx). The sputtering chamber is able to deposit 
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metallic layers (silver, aluminium) and transparent conductive oxide films 
(ZnO:Al, ITO). A software-controlled automatic transfer system in the centre 
of the clustertool controls the retrieval and placement of the substrate carriers 
between chambers. A typical process flow would include loading the substrate 
carrier in the load lock, followed by a reduction of the pressure within the load 
lock to vacuum level, the retrieval of the substrate by the transfer system into 
the park station for a high-temperature conditioning step, prior to loading into 
the PECVD chambers or sputtering chambers for another pre-heating of the 
samples in the same chamber prior to depositing the necessary films. The key 
advantage of such a multi-chamber clustertool is the ability to deposit different 
stacked films in different chambers without breaking the vacuum conditions, 
hence reducing external contaminants. 
 
Figure 3.1. Photograph of the clustertool used for this work. The clustertool 
consists of four separate radio frequency (RF) 13.56 MHz excitation parallel-
plate PECVD chambers, and one sputtering chamber for TCOs.  
 
The optimisation and characterisation of the doped silicon thin films is 
first carried out on planar glass substrates in order to assess electrical and 
optical properties (Figure 3.2, Table 3.1 and Table 3.2). The interaction of 
different H2/SiH4 gas flow ratios, deposition pressures, and substrate 
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temperatures on the doped film quality is studied concurrently. Subsequently, 
the interaction of doped silicon thin films on intrinsic a-Si:H substrates is 
investigated, which is of particular interest given the final heterojunction solar 
cell requirements. For initial characterisation purposes, the doped film thick-
ness is maintained at a relatively high value of ~40 nm, allowing us to observe 
any changes in film morphology easily, before reducing the thickness to that 
relevant for a device. The feasibility of the doped silicon thin films for 
application in heterojunction silicon wafer solar cells is assessed via hetero-
junction carrier lifetime structures and heterojunction solar cell structures.  
The characterisation techniques commonly utilized in this section 
include the four-point-probe (Napson Corporation, Cresbox) for sheet resis-
tance measurements, stylus profilometry (Bruker, Dektak 150) for thickness 
measurements, the spectroscopic ellipsometry (Sopra, GES5E) for thickness 
and optical constants determination, UV-VIS-IR spectrophotometry 
(PerkinElmer, Lambda 950) for transmission, reflection measurements, and 
intensity dependent effective carrier lifetimes determined using a contactless 
flash-based photoconductance decay tester (Sinton Instruments, WCT-120) 
operated in both the transient and quasi-steady-state mode [77].  
The film structure was determined using μ-Raman spectroscopy 
(Renishaw, inVia Reflex Raman microscope), which utilizes a backscattering 
geometry with a 514 nm laser line, obtained from an argon-ion laser. The 
power of the incident light is 25 mW, and a 50x objective lens giving a laser 
spot diameter of 5 μm. During each measurement, the exposure time was 
chosen as 10 s, an accumulation of ten times to improve the signal to back-
ground noise ratio, and only 10% of the laser power was utilized to prevent 
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crystallization of the sample. No input polarisation was utilized. All 
measurements were performed at room temperature. For every sample, 5 
separate locations were measured to check for consistency. 
 
 
Figure 3.2. Cross-sectional view of doped silicon film optimisation on a planar 
glass substrate. A film thickness of ~40 nm is utilized for initial charac-
terisation purposes. 
 
Table 3.1. Overview of p-doped silicon thin film PECVD process parameters. 
A design of experiment varying deposition pressure, substrate temperature, 
and hydrogen dilution ratio is investigated.  











HET_P1 500 150 19 114 6 2 
HET_P3 500 180 24 144 6 2 
HET_P4 500 210 32 194 6 2 
HET_P5 500 250 49 294 6 2 
HET_P6 1000 150 24 144 6 2 
HET_P7 1000 180 19 114 6 2 
HET_P8 1000 210 49 294 6 2 
HET_P9 1000 250 32 194 6 2 
HET_P10 1500 150 32 194 6 2 
HET_P11 1500 180 49 294 6 2 
HET_P12 1500 210 19 114 6 2 
HET_P13 1500 250 24 144 6 2 
HET_P14 1900 150 49 294 6 2 
HET_P15 1900 180 32 194 6 2 
HET_P16 1900 210 24 144 6 2 





Table 3.2. Overview of n-doped silicon thin film PECVD process parameters. 
A design of experiment varying deposition pressure, substrate temperature, 
and hydrogen dilution ratio is investigated. 









PH3 (2%)  
flow (sccm) 
HET_N1 1000 170 30 150 5 1.5 
HET_N2 1000 210 70 350 5 1.5 
HET_N3 1000 240 90 450 5 1.5 
HET_N4 1500 170 70 350 5 1.5 
HET_N5 1500 210 90 450 5 1.5 
HET_N6 1500 240 30 150 5 1.5 
HET_N7 1900 170 90 450 5 1.5 
HET_N8 1900 210 30 150 5 1.5 
HET_N9 1900 240 70 350 5 1.5 
 
3.2 Results and discussion 
3.2.1 Investigation of doped film uniformity 
Firstly, the uniformity of the p-doped silicon thin films for different 
deposition conditions was investigated. As can be seen from the interaction 
plot of deposition pressure, temperature, and dilution ratio of Figure 3.3 and 
Figure 3.4, the deposition pressure of 500 mTorr produces films with 
significantly poorer uniformity, with thickness standard deviation of ~46% as 
compared to ~10% for the higher deposition pressures, independent of 































Figure 3.3. Doped silicon thin film uniformity as a function of substrate 

































Figure 3.4. Doped silicon thin film uniformity as a function of dilution ratio 
R=H2/SiH4 and deposition pressure. 
 
A closer examination of the recorded deposition parameters for the 
runs in  
Figure 3.5 and Table 3.3 shows a strong correlation between the DC bias and 
thickness uniformity. The undesirably high DC bias (> 900 V) occurs for 
deposition pressures of 500 mTorr, independent of the choice of temperature 
or dilution ratio. A related study on the influence of DC bias on film adhesion 
of RF-PECVD amorphous films by Paul et al. [78] showed that the film 
adhesion is closely related to the film stress, which is in turn dependent on the 
DC bias which develops between the substrate and the plasma sheath. With 
increasing DC bias, increased film stress was reported, leading to poor film 
adhesion. This is not surprising given that amorphous films are deposited 
under compression or tension, depending on deposition techniques and 
conditions [46], and besides the electronic defects, the intrinsic mechanical 
stresses in a-Si:H film has been reported [79-81] to cause adhesion problems 
and may have deleterious effect on certain electronic properties such as 
dangling bond creation. For the parallel-plate PECVD configuration for this 
series of deposition, both the grounded electrode and the powered electrode 
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are at negative potential with respect to the plasma potential and thus 
subjected to positive ion bombardment.  
 
Table 3.3. The recorded DC bias for the p-doped silicon thin film samples 
according to Table 3.1. A high DC bias (> 900 V) occurs for deposition 






R ൌ HଶSiHସ 
DC bias  
(V) 
HET_P1 500 150 19 920 
HET_P3 500 180 24 905 
HET_P4 500 210 32 923 
HET_P5 500 250 49 950 
HET_P6 1000 150 24 121 
HET_P7 1000 180 19 110 
HET_P8 1000 210 49 119 
HET_P9 1000 250 32 100 
HET_P10 1500 150 32 75 
HET_P11 1500 180 49 82 
HET_P12 1500 210 19 70 
HET_P13 1500 250 24 80 
HET_P14 1900 150 49 72 
HET_P15 1900 180 32 69 
HET_P16 1900 210 24 65 
HET_P17 1900 250 19 70 
 
 
Figure 3.5. Correlation of DC bias with (a) doped silicon thin film uniformity 
and (b) deposition pressure. Low deposition pressure is associated with high 

















All depositions at 500 mTorr have shown very high DC bias which is 
approximately 9 times higher than that at 1000, 1500 or 1900 mTorr. With 
high DC bias, ions produced in the RF glow discharge are rapidly accelerated 
through high-field regions across the plasma sheath to the electrodes, resulting 
in substantial ion bombardment of the growing film surface. This is causing 
increased film stress in addition to the intrinsic mechanical stress, leading to 
poor film quality and poor homogeneity [46]. 
To summarize, to obtain doped silicon films with good uniformity, 
deposition in the high pressure regime is preferred due to the significantly 
lower DC bias established between the substrate and the plasma sheath, 
leading to only low or moderate ion bombardment of the growing film, which 
does not degrade the film uniformity and quality. 
 
3.2.2 Effect of film thickness on crystallinity and electrical properties 
 
Secondly, the influence of increasing doped film thickness on 
crystallinity and sheet resistance was investigated. Figure 3.6 shows a de-
convolution of the μ-Raman spectra for one of our typical microcrystalline 
silicon thin film into its components for amorphous Si phase, defective Si 
phase, and crystalline Si phase at 480, 510 and 520 cm-1, respectively [82], 
and the crystallinity of the thin film (χc) can be deduced based on the intensity 
ratio of the crystalline components to that of total integrated intensity [83] 
according to  
߯௖ ൌ ூఱభబାூఱమబூరఴబାூఱభబାூఱమబ    (3.1) 
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where I480, I510, and I520 refer to the integrated Raman intensity of the different 
silicon phases. By applying the relationship from Beeman-Tsu et al. [84] to 
the amorphous component, the root mean square (rms) bond angle dispersion 
Δθ can be deduced from the full width at half maximum (Г) of the amorphous 
silicon transverse optical (TO) Raman peak according to  
Г ൌ 15 ൅ 6߂ߠ      (3.2) 
It is appropriate to highlight that the bond angle of stress-free 
crystalline silicon is 109.5° and Δθ = 0°. By de-convolution of the µ-Raman 
spectra for this particular doped sample, the amorphous silicon TO spectral 
band (ωTO(a-Si)) peak position frequency, its linewidth (Г), and film 
crystallinity (χc) are extracted as 477.5 cm-1, 65.9 cm-1 and 39%, respectively. 
The crystalline silicon TO band spectral (ωTO(silicon)) peak position frequency 
was determined as 519.17 cm-1. The same information is extracted from all 
investigated samples. 











Figure 3.6. Raman spectra of a typical in-house developed p-doped micro-
crystalline silicon thin film. The black, green and red lines correspond to the 
measured Raman spectra, the Gaussian fits for the three silicon phases, and the 
resulting fit respectively. The peak position of the crystalline silicon TO 
spectral band ωTO(silicon) corresponds to 519.17 cm-1 for this sample.  
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With the target thickness of ~40 nm, it was found that the bulk of the 
fabricated p-doped Si thin film samples were mostly amorphous, with only 
two samples displaying film crystallinity of > 20%. These two samples were 
fabricated with pressure/substrate temperature/dilution ratios of 1.9 
Torr/150ºC/49 and 1.9 Torr/180ºC/32, respectively. The sheet resistance of 
these two samples was about the same (~330 kΩ/ ). Using the p-doped 
deposition pressure/ substrate temperature/dilution ratio of 1.9 Torr/180 ºC/32 
as per HET_P15, samples with increasing thicknesses from 20 to 100 nm (in 
20 nm steps) were prepared to also study the influence of thicknesses on 
crystallinity and sheet resistance. When the doped film thickness increased 
from 20 to 100 nm, the film crystallinity was observed to increase from 1 to 
42 %, which correlates well with an increase in conductivity from 0.06 to 4.8 
S/cm (Figure 3.7 and Figure 3.8). Similar analysis for the n-doped silicon thin 
film has shown 14 S/cm for the condition given in sample HET_N8, which is 




























Figure 3.7. Raman spectra of five p-doped silicon thin films of different 
thicknesses on a glass substrate. Deposition conditions: pressure 1.9 Torr, 
substrate temperature 180 ºC, dilution ratio R = 32. The Raman spectrum of 
the p-doped silicon film is observed to shift towards 520 cm-1 with increasing 
thickness, indicating increasing crystallinity. 
 




























Figure 3.8. Impact of p-doped silicon thin-film thickness on film crystallinity 
and conductivity. 
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Similarly, by de-convoluting the thickness dependent Raman spectra 
into its amorphous and crystalline silicon components, Figure 3.9 shows that 
the bond angle disorder decreases with growing thicknesses, from Δθ = 11ο at 
20 nm to Δθ = 8ο at 100 nm.  























Figure 3.9. Variation of bond angle disorder Δθ on increasing p-doped silicon 
film thicknesses on a glass substrate. The line serves as a guide to the eye. 
 
Figure 3.10 show that the amorphous silicon peak position frequency 
increases with thicknesses from 474 cm-1 at 20 nm to 483 cm-1 at 100 nm. 
Concurrently, Figure 3.11 shows that the crystalline silicon peak position 
frequency decreases with increasing thickness, from ~518 cm-1 at 40 nm and 
saturates at ~508 cm-1 for thicknesses of 60 nm and above.  
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Figure 3.10. Variation of amorphous TO Raman peak ωTO(a-Si) on increasing 
p-doped silicon film thicknesses on a glass substrate. The line serves as a 
guide to the eye. 
 

















thickness [nm]  
Figure 3.11. Variation of crystalline TO Raman peak ωTO(silicon) on increasing 
p-doped silicon thin film thicknesses on a glass substrate. The line serves as a 
guide to the eye. 
 
The above observations provide an alternative support on the structural 
relaxation with thicker doped films, as the film evolves from the amorphous 
into the microcrystalline state with increasing film crystallinity, reduced bond 
angle dispersion Δθ and reduced bond length, consistent with other reports 
[85-90]. However, an increased tensile stress is observed with a thicker doped 
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film which is undesired. It is appropriate to highlight that the deposited 
material is not homogenous in nature, and generally consists of a growth 
morphology of amorphous phase near the substrate towards an increasingly 
crystalline phase near the surface [91-95]. While our growing doped silicon 
thin film may experience structural relaxation, the level of structural relaxation 
in the amorphous phase near the substrate may not be the same as in the 
microcrystalline phase near the surface, resulting in a higher tensile stress, as 
reflected from the Raman spectra. The resulting improvement in the 
conductance of thicker films is not surprising due to the improved short-range 
order as evident from the bond angle disorder reduction, improved film 
crystallinity, and expected improvement in doping efficiency.  
However, the requirements of using device relevant film thicknesses 
(< 20 nm) in typical heterojunction solar cell applications implies that the 
effect of structural relaxation with thinner layers may be absent or not easily 
detectable by the µ-Raman spectroscopy technique in this work. Nonetheless, 
if thicker doped film layers are used, an improved field effect passivation at 
the c-Si interface is predicted amid the lower charge collection efficiency due 
to higher recombination losses in the generally more defective silicon thin 
films as compared to the c-Si substrate.  
 
3.2.3 Effect of film thickness on optical properties 
For the selected deposition conditions chosen in Section 3.2.2, the 
doped film crystallinity was found to increase with thickness, and the conduc-
tivity improves. To complement this observation, the optical properties of the 
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doped films were assessed using UV-VIS-IR spectrometry to obtain the trans-
mission and reflection characteristics, followed by a fitting of the raw data 
using a commercial optical fitting software (Coating designer software, v3.44) 
[96] in order to obtain the optical constants for the respective films.  
Figure 3.12 compares the absorption coefficient of our p-doped silicon 
thin films to intrinsic c-Si [54]. It can be observed from Figure 3.12 that at the 
typical solar spectrum peak of ~500 nm or ~2.5 eV, the absorption coefficient 
of the deposited films is in the range of 105 cm-1, which is one order of 
magnitude higher than that of intrinsic c-Si. Another important observation is 
that with increasing doped film thickness, the film exhibits a red shift in the 
absorption edge, indicating increased absorption of incident photons with 
lower energy, hence leading to decreased electron-hole pair generation in the 
silicon wafer substrate. Since the doped/intrinsic silicon thin films are 
generally more defective than c-Si, higher recombination losses with thicker 
silicon thin-film layers are expected, and thus lower cell efficiency.  
































Figure 3.12. Measured absorption coefficients of the deposited p-doped 
a-Si:H/μc-Si films of different thicknesses in comparison to the absorption 
coefficient of intrinsic c-Si.  
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The bandgap of the films can be determined via the Tauc plot [97] 
according to  
α݄ν = B(݄ν - Eg)2                                         (3.3) 
where α denotes the absorption coefficient, Planck’s constant ݄, frequency of 
wavelength ν, Tauc joint density of states B and bandgap Eg. From a sqrt(α݄ν) 
vs ݄ν curve, a linear curve is obtained from which the bandgap can be 
extracted. In particular, the 20 nm p-doped silicon film has a wide bandgap of 
~2.0 eV, which makes it potentially useful as a window layer.  
The optical bandgap values lend support to the picture of an 
amorphous to microcrystalline transition as the film thickness increases, in 
which increased film crystallinity is consistent with the observed red shifts in 
the optical bandgap reported by others [98, 99]. 
In choosing the emitter layer thickness for the heterojunction solar cell, 
one needs to balance the trade-offs in reducing front surface absorption/ 
recombination by having thin Si emitter layers, while striving for high 
conductance for charge transport. Although thin emitter layers are shown to 
perform much worse in terms of conductance, they present other advantages 
such as the ability to act as a wide-bandgap window leading to lower front 
surface recombination.  
 
3.2.4 Effect of doping gas concentration on film conductivity and 
crystallinity  
 
The key functions of the doped thin film layers in a heterojunction 
silicon wafer solar cell structure are to achieve efficient charge separation and 
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charge collection via high built-in potential and high conductivity. For a 
conventional diffused silicon solar cell, this is typically implemented with a 
front and rear doping profile with a peak concentration that is a few orders of 
magnitude higher than the substrate doping, and that can extend from several 
hundreds of nanometres to a few micrometres into the wafer. In perspective, 
since the doped silicon thin films under investigation are generally much 
thinner (< 20 nm), and more disordered than the crystalline counterpart, the 
optimisation of the doping concentration within this thin layer to achieve both 
high built-in potential and high conductivity can be more complex. In this 
section, the influence of doping gas flow on the doped film conductivity and 
crystallinity is investigated.  
As seen in Figure 3.13, the maximum p-doped thin-film conductivity 
was determined at ~1.8 S/cm for a thickness of 40 nm and a doping gas flow 
(B2H6) of 2.2 sccm. As the doping gas flow is gradually increased from 1.0 to 
4.0 sccm, the conductivity improves up to a limit before degradation occurs, 
while the film crystallinity reduces generally. The addition of dopants reduces 
the film crystallinity, leading to an increasingly amorphous state. This implies 
a very narrow doping process window to get both high conductivity for the 
doped silicon thin film and minimum changes to the doped film’s 
microstructure, consistent with reports by Street [100] on the low doping 
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Figure 3.13. Impact of B2H6 flow on film crystallinity and conductivity of a 40 
nm thick p-doped silicon thin film on a glass substrate. 
 
Similar observations are shown in Figure 3.14 for n-doped silicon thin-
film layers. The optimum PH3 flow should be maintained at 2 sccm or lower 
in consideration of both film crystallinity and conductivity. For thinner n-
doped silicon layers of 25 nm, significantly lower film crystallinity is observed 
(see Figure 3.15), confirming that the selected deposition conditions for the n-
doped silicon thin film also exhibit a thickness dependent film growth 
transition from the amorphous to the microcrystalline phase, similar to the p-
doped silicon thin film.  
56 









 Film Crystallinity %
 Conductivity (S/cm)
Gas flow - PH3 [sccm]


























Figure 3.14. Impact of PH3 flow on film crystallinity and conductivity of a 40 
nm thick n-doped silicon thin film on a glass substrate. 
 

























Figure 3.15. Comparison of the Raman spectrum for both 25 nm and 40 nm 
thick n-doped silicon films deposited on a glass substrate with a PH3 gas flow 
of 2 sccm. 
 
From the doping dependent film crystallinity plots, Figure 3.16 and 
Figure 3.17 show the deconvoluted amorphous silicon TO Raman peak 
position frequency (ωTO(a-Si)) and crystalline silicon TO Raman peak position 
frequency (ωTO(silicon)) for different diborane (B2H6) doping gas flows. An 
increasing B2H6 gas flow shifts the a-Si TO peak position frequency from 476 
57 
towards 480 cm-1. On the contrary, the crystalline TO peak position frequency 
remained at 519.17 cm-1 for B2H6 doping gas flows of up to 1.6 sccm, before 
decreasing with further increasing doping gas flow.  
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Figure 3.16. Impact of the diborane (B2H6) gas flow on the amorphous TO 
Raman peak ωTO(a-Si:H) for a 40 nm thick p-doped silicon thin film on a glass 
substrate. The line serves as a guide to the eye. 
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Figure 3.17. Impact of the diborane (B2H6) gas flow on the crystalline TO 
Raman peak ωTO(silicon) as extracted from the peak fitting of respective Raman 
spectra of a 40 nm thick p-doped silicon thin film on a glass substrate. The line 
serves as a guide to the eye. 
  
It has been reported through 216-atom modelling of a-Si [101] that the 
correlation (bond) length is related to the vibrational mode localization state at 
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different frequencies. At low frequencies below 400 cm-1, the vibrational 
modes are fully delocalized, localization increases above 400 cm-1 and for ω ≥ 
520 cm-1 the modes are strongly localized. In perspective, since our results 
show an increasing ωTO(a-Si) with increasing doping gas flow, this suggests that 
the vibrational modes are increasingly being localized as well, with the 
reduction in the bond length, which is reasonable considering the increased 
quantity of incorporated dopant atoms in the same thickness and volume of the 
deposited silicon thin film. Furthermore, as compared to a stress-free 
frequency of ω଴ ൌ 520.91 cm-1 in crystalline silicon, it is generally agreed that 
a Raman shift frequency larger than the stress-free frequency indicates 
compressive stress in the sample, while a Raman shift frequency smaller than 
the stress-free one indicates tensile stress [102-104]. Judging from our results, 
it is clear that increasing the doping concentration leads to increased tensile 
stress in the doped silicon thin films. Using the stress equation from 
Anastassakis [105] developed for a-Si:H(i) as an approximation, the stress can 
be deduced according to Eqn. 3.4 
ߪሺܯܲܽሻ ൌ െ250߂߱	(cm-1)    (3.4) 
where σ is the in-plane stress and Δω=ωୱ െ ω଴ , where ω଴  is the optical 
phonon wavenumber of the stress-free single crystal Si and ωୱ is the wave-
number of the stressed sample. In particular, our p-doped samples exhibit 
tensile stress ranging from 432 MPa at low doping to 1.6 GPa at high doping 
levels, which is significant considering that the thin doped layers are typically 
deposited on intrinsic a-Si:H thin-film layers which provide chemical (i.e., 
defect) passivation in heterojunction silicon wafer solar cells. The high tensile 
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stress exerted by the doped silicon thin film on the underlying passivation 
layer has the potential to degrade its interface passivation quality and 
consequently solar cell performance. A similar discussion applies to the 
n-doped silicon thin-film layers, as shown in Figure 3.18.  
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Figure 3.18. Impact of the phosphine (PH3) gas flow on the crystalline TO 
Raman peak ωTO(silicon) as extracted from the peak fitting of respective Raman 
spectra. The line serves as a guide to the eye. 
 
Hence, from the analysis of the de-convoluted Raman spectra, the 
optimum choice of the doping gas flow is more complex than selecting the 
flow with the highest measured film conductivity. There is a need to optimise 
the doping gas flow, giving a sufficient doping efficiency without being too 
detrimental for the surface passivation quality.  
It is also relevant to highlight reports by Cabarrocas et al. [106], 
Fujiwara et al. [95], and Collins et al. [107] that the nucleation properties of 
doped microcrystalline silicon thin films are strongly dependent on the 
substrate used. The comparison of film growth on different substrates, such as 
glass, crystalline silicon, as well as hydrogenated intrinsic amorphous silicon 
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(a-Si:H) has shown different variation of film crystallinity with increasing 
thickness. Given that the doped silicon thin film is deposited onto the a-Si:H(i) 
passivation layer in typical heterojunction silicon wafer solar cell applications, 
the influence of the a-Si:H(i) substrate on the doped silicon thin-film growth 
morphology is investigated in the next section. 
 
3.3 Integration of doped thin-film layers in device precursors 
3.3.1 Investigation of doped film on intrinsic a-Si:H substrates 
  In the final heterojunction silicon wafer solar cell structure, the 
doped/ intrinsic silicon thin films at the front surface are typically very thin in 
order to reduce parasitic absorption (these layers can be considered as ‘dead 
layers’ for photocurrent generation). Hence, while the thickness dependent 
Raman spectra and conductivity measurements in Section 3.2.2 provided 
insight into the film morphology as a function of the film thickness, the 
requirements for thin silicon films (< 20 nm) on the front surface demands an 
alternative optimisation approach for device-quality doped thin films with low 
disorder. Since the c-Si substrate is symmetrically passivated by intrinsic a-
Si:H thin-film layers (~5 nm) [108-111] before the deposition of the doped 
layers, it is relevant to investigate the interaction of doped silicon thin-film 
layers (~10 nm) with thin intrinsic a-Si:H films (~5 nm) on a planar glass 
substrate (see Figure 3.19). The deposition conditions of the investigated p-
doped silicon thin films are similar to those of Section 3.2.2, except the 




Figure 3.19. Cross-sectional view of a p-doped silicon thin film on an intrinsic 
a-Si:H thin film on a planar glass substrate.  
 
As shown in Table 3.4, the H dilution ratio R was varied from 10 to 60, 
while maintaining the substrate temperature, RF power density, and the SiH4 
and diborane B2H6 gas flows at 280 ºC, 0.07 W/cm2, 6 sccm and 2.2 sccm, 
respectively. The intrinsic a-Si:H layers were separately characterized by 
µ-Raman spectroscopy and showed a dominantly amorphous state with a TO 
Raman peak at 480 cm-1. Subsequently, after deposition of the p-doped silicon 
film, µ-Raman spectroscopy was again performed on the p+/i/glass stack. 
 
Table 3.4. Variation of hydrogen dilution ratio for p-doped silicon thin-film 
layers deposited on a-Si:H substrates. 
R ൌ HଶSiHସ 
Pressure Substrate H2 flow SiH4 flow B2H6 (0.5%) 
flow (sccm) (mTorr) temp (ºC) (sccm) (sccm) 
10 1900 280 60 6 2.2 
20 1900 280 120 6 2.2 
32 1900 280 194 6 2.2 
40 1900 280 240 6 2.2 
50 1900 280 300 6 2.2 
60 1900 280 360 6 2.2 
 
Figure 3.20 shows the influence of the hydrogen dilution ratio R on the 
deposition rates for both p-film/glass and p-film/a-Si:H(i)/glass structures. 
Excluding the case of R = 10, the deposition rates generally reduce with higher 
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H dilution ratios, due to reduced nucleation sites caused by increased 
hydrogen coverage during plasma deposition. Nonetheless, with hydrogen 
coverage, this should lead to increased surface migration of adsorbed ions, 
leading to better film quality [46].  
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Figure 3.20. Influence of the hydrogen dilution ratio on the deposition rate of 
p-doped films on two different substrates. 
 
Targeting a p-doped film thickness of ~10 nm on an a-Si:H(i) coated 
substrate, Figure 3.21 shows that, at low H dilution ratio of R = 10, the 
crystallinity of the stack is essentially the same as that of the underlying 
intrinsic a-Si:H layer; however, as R increases, the crystallinity of the stack 
increases and reaches about 15% for R = 60. Similarly, a de-convolution of the 
Raman spectrum was performed. For the sample with only an intrinsic a-Si:H 
layer, the a-Si peak position is at 474 cm-1, the linewidth ГTO(a-Si) is 74.5 cm-1, 
and the film is dominantly of an amorphous structure (χc = 0.16%). A gradual 
shift in the combined Raman spectra towards higher wavenumber is observed 
with increasing H dilution ratio of the 10 nm thick p-doped silicon thin film. 
For a very high dilution ratio of R = 60, the crystalline TO peak position can 
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be observed (see Figure 3.22) and the de-convolution of the Raman spectra 
shows that the amorphous silicon peak position, its linewidth, and crystallinity 
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Figure 3.21. Film crystallinity as a function of the hydrogen dilution ratio R. 
The squares represent ~10 nm thick p-doped Si films deposited on intrinsic 
a-Si:H substrates. The star represents an intrinsic a-Si:H film (~5 nm) on a 



























Figure 3.22. Impact of the hydrogen dilution ratio R on the Raman spectra of 
p-doped silicon/intrinsic a-Si:H stacks on glass substrates. At high dilution 
ratio R = 60, an additional TO Raman peak starts to appear near 520 cm-1, 
indicative of an increasingly crystalline phase. 
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Figure 3.23 shows the influence of the hydrogen dilution ratio on the 
bond angle disorder of the intrinsic a-Si:H layer (star) and of the 
doped/intrinsic silicon stack (squares). Although the intrinsic a-Si:H layer 
alone shows a rather high bond angle disorder Δθ of 9.9°, the addition of the 
p-doped silicon thin film layer appears to reduce the bond angle disorder for 
the stack, regardless of the H dilution ratio. For the hydrogen dilution ratios 
investigated in Table 3.4, it appears from Figure 3.23 that a hydrogen dilution 

























Figure 3.23. Impact of hydrogen dilution ratio R on the bond angle disorder Δθ 
for p-doped silicon thin film (~10 nm) deposited on a thin intrinsic a-Si:H (5 
nm) layer. The squares represent the p-doped silicon/intrinsic a-Si:H stacks on 
glass. The star represents the intrinsic a-Si:H layer (5 nm) on glass.  
 
From this experiment series, the role of hydrogen during the deposition 
of a doped layer on an a-Si:H(i) substrate is clearly evident: a higher H flow 
promotes both p-doped microcrystalline silicon thin film growth, and reduces 
the combined network strain, hence lowering the bond angle disorder. This 
finding is in line with reports by Kail et al. [112] and Chakraborty et al. [113] 
in which hydrogen incorporation is shown vital to reducing network strain, 
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and the lack of it will result in increased bond angle disorder. The increased 
plasma hydrogen radicals also play a role in the etching of weak Si-Si bonds 
[114], leading to better-quality doped films. The corresponding increase in the 
stack crystallinity for the same doped film thickness (~10 nm) for increasing H 
dilution ratio can be explained by the increased generation of silicon micro-
crystallites [115] at the a-Si:H surface by the increased hydrogen ion 
bombardment during deposition, leading to enhanced nucleation of the doped 
silicon thin film. However, when a high H dilution ratio of R = 60 is used, the 
film uniformity of the stack is very poor. It is likely that the intrinsic buffer 
layer is degraded due to the significantly higher etching rates by the higher 
quantities of plasma hydrogen radicals. The hydrogen radicals can also 
potentially diffuse through the intrinsic buffer layer to reach the a-Si/c-Si 
interface for further passivation. Simulation studies in Chapter 4 will confirm 
this hypothesis, using the measured effective carrier lifetime curves of 
heterojunction carrier lifetime structure [p+/i/c-Si(n)/i/p+] from Section 3.3.2. 
At low H dilution ratio of R = 10, the stack crystallinity indicates a low impact 
on the underlying intrinsic a-Si:H substrate, but the deposited doped silicon 
thin film experiences more short-range disorder, as is evident from the higher 
Δθ. In perspective, depositing the p-doped silicon thin film with a H dilution 
ratio R in the range of 20 - 30 on the intrinsic a-Si:H buffer might be a way to 
compromise between minimising the damage to the intrinsic buffer layer, 
while striving towards a microcrystalline doped silicon thin film with higher 
doping efficiency for solar cell application. Doped films deposited in this 
amorphous to microcrystalline phase transition could also be a potential 
candidate for higher VOC [91] when applied to our heterojunction silicon wafer 
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solar cells. For the case of the 10 nm p-doped film deposited with R = 32, a 
stack crystallinity of ~7% is observed. If the underlying intrinsic a-Si:H film 
remains un-degraded, which is reasonable given the moderate H dilution ratio, 
it implies that the p-doped silicon thin film has started to exhibit a phase 
transition from amorphous to microcrystalline. For this particular deposition 
condition, the presence of silicon microcrystallites at low thicknesses will 
encourage further microcrystalline silicon growth. The influence of the 
substrate type on the doped film growth is also clearly evident from the 
observation that a 20 nm thick p-doped film on glass is dominantly amorphous 
(χc ~ 1%), while a 10 nm thick p-doped film on an a-Si:H(i) substrate already 
shows a microcrystalline phase transition (χc ~ 7%). Similar to film growth on 
glass substrates, we will expect doped film growth on a-Si:H(i) substrates to 
increase in film crystallinity with increasing film thickness, under favourable 
deposition conditions, contrary to the conclusion by Cabarrocas et al. [106]. 
Hence, while Section 3.2.2 demonstrates an improvement in film 
quality with increasing thickness, at the low film thicknesses relevant for 
device applications, the improvement can instead be established via 
optimisation of the H dilution ratio. 
 
3.3.2 Combined passivation quality using doped/intrinsic silicon thin-
film stacks 
   
It is well known that neither doped amorphous Si films [116-118] nor 
doped microcrystalline Si films [108, 110, 111, 119] provide a surface 
passivation that is as good as that of intrinsic a-Si:H films [111]. Hence, to 
passivate the c-Si interface, a thin intrinsic amorphous silicon buffer layer is 
67 
typically used, in which the a-Si:H(i) deposition parameters are independently 
optimised. Incorporation of the emitter layer in the final solar cell device will 
bring additional challenges. For example, it has been reported by De Wolf et 
al. [120] that the passivation quality of the thin intrinsic a-Si:H buffer layer 
(~6 nm) on the Si wafer degrades significantly when this film is subsequently 
covered by a PECVD deposited doped a-Si:H emitter layer with thickness of 
~150 nm. In this case the effective lifetime reduced by one order of magnitude. 
The lifetime drop was attributed to an increased rate of minority carrier 
tunnelling through the intrinsic a-Si:H layer to the defect-rich emitter layer. To 
investigate this issue and to assess the suitability of the developed doped 
silicon thin-film layers for heterojunction silicon wafer solar cell applications, 
the intensity dependent effective carrier lifetime curves of two heterojunction 
structures, firstly a symmetrically passivated heterojunction carrier lifetime 
structure of p+/i/c-Si(n)/i/p+, as shown in the inset of Figure 3.24, and secondly 
a typical heterojunction solar cell of p+/i/c-Si(n)/i/n+ structure is compared to 
the heterojunction carrier lifetime structure of i/c-Si(n)/i. The chosen substrate 
is a double-side polished (100) oriented planar low-resistivity (2.6 - 3.1 Ωcm) 
n-type Si float-zone (FZ) wafer. The chosen thicknesses for the intrinsic layer 
and the p-doped layer for the carrier lifetime structure in Figure 3.24 are 10 
nm and 20 nm, respectively. For the solar cell structure, the intrinsic layer 
thickness is further reduced to 5 nm, while maintaining the p-doped and 
n-doped layers at 20 nm. Based on the optimisation from earlier sections, the 
deposition conditions for both the intrinsic layer and the doped emitter / BSF 
layers are shown in Table 3.5.  In both scenarios, a 15-minute hydrogen 
annealing is applied after the deposition of the doped silicon films. 
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Table 3.5. Deposition conditions for the carrier lifetime samples. 
Plasma parameter i layer p layer n layer 
RF Power (W) 40 85 85 
Deposition pressure (mTorr) 400 1900 1900 
Gas flow (sccm): SiH4 40 6 5 
Gas flow (sccm): H2 40 194 150
Gas flow (sccm): B2H6  - 2 - 
Gas flow (sccm): PH3  - - 2 
Frequency (MHz) 13.56 13.56 13.56 
Substrate temperature (ºC) 250 180 210 
 
The passivation quality of the silicon thin films is assessed via the 
photoconductance technique (Sinton Instruments, WCT-120) [121], in which a 
transient or steady-state illumination is applied at the front surface of the 
structure under investigation. As a result of the illumination, the photo-
generated excess electron and hole densities increase the conductance of the 
sample, which is measured by the system. Since the excess photoconductance 
is related to the elementary charge q, mobility of electrons and holes, thickness 
of substrate, and excess carrier density Δn, of which most parameters are 
already known, the measured photoconductance can directly reveal the excess 
carrier density. These excess photogenerated carriers will recombine 
eventually and the recombination lifetime can be determined from the decay 
of the excess photoconductance. Of particular interest is the intensity 
dependent minority carrier lifetime (τeff) characteristics that gives an indication 
of the diffusion length of the photogenerated charge carriers at different light 
illumination levels (intensity levels). 
For an n-type wafer, the implied open-circuit voltage (iVOC) can be 
extracted from the intensity dependent excess carrier density according to Eqn. 
3.5 [122]: 
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݅V୓େ ൌ ௞்௤ ln ൬
∆௣ሺ଴ሻሾேವା∆௡ሺ଴ሻሿ
௡೔మ
൰      (3.5) 
where ND, ni, Δn(0) and Δp(0) refer to the substrate doping density, intrinsic 
carrier density, and photogenerated electron and holes density, respectively. 
The implied VOC is a good estimate of the measured VOC of the final solar cell, 
and helps in identifying any process issues prior to cell metallization. 
In this thesis, it is demonstrated that both of our heterojunction 
structures show improved minority carrier lifetimes across all injection levels 
of interest as compared to the [i/c-Si(n)/i] structure alone. Understanding that 
the deposition process window for device-quality doped silicon thin film is 
actually quite narrow, and with careful optimisation, it is possible to achieve a 
high degree of heterojunction interface passivation with the doped silicon thin 
films developed in this work. In particular, the heterojunction carrier lifetime 
structure [p+/i/c-Si(n)/i/p+] in Figure 3.24 shows an improvement in the 
effective minority carrier lifetime (τeff) from 0.9 ms [i/c-Si(n)/i] to 2.4 ms at an 
injection level of 1015 cm-3, and a corresponding implied open-circuit voltage 
















Figure 3.24. Injection level dependent effective carrier lifetime curves of 
bifacial heterojunction structures symmetrically passivated with intrinsic 
























implied VOC [mV]  
 Figure 3.25. Implied Voc of the bifacial heterojunction lifetime structure as a 
function of light intensity. The implied Voc at one sun is 725 mV. 
 
An excellent surface recombination velocity Seff of ~6 cm/s is inferred 
if a bulk lifetime of τbulk = ∞ is assumed for the float-zone wafer utilised in this 
experiment. This is comparable to the passivation provided by the best SiNx or 
AlOx passivation schemes reported elsewhere. On the other hand, the hetero-
71 
junction solar cell structure [p+/i/c-Si(n)/i/n+] has a much thinner intrinsic 
a-Si:H layer (~5 nm), and the [i/c-Si(n)/i] structure gave a significantly lower 
minority carrier lifetime of 31 μs at an injection level of 1015 cm-3, and a lower 
implied open-circuit voltage at 550 mV (Figure 3.26). This is commonly 
reported to be due to a reduced passivation quality by very thin intrinsic 
a-Si:H layers[123]. Nonetheless, it is demonstrated here that with the 
application of the p-doped and n-doped layers, there is substantial improve-
ment in the implied open-circuit voltage (by ~100 mV) to reach 650 mV, in 
parallel to a minority carrier lifetime improvement from 31 to 390 μs, a 12-






























Figure 3.26. Implied Voc of the heterojunction solar cell structure. An 
improvement of ~100 mV in implied Voc is observed upon application of the 
p-doped and n-doped silicon thin-film layers. The implied Voc at 1 sun for the 
solar cell structure p+/i/c-Si(n)/i/n+ is 650 mV. The corresponding minority 
carrier lifetime improves by a factor of ~12 at the injection level of 1015 cm-3.  
 
3.3.3 Comparison with previous work  
 The improvement in the measured effective carrier lifetime curves 
using a [p+/i/c-Si(n)/i/p+] structure as compared to the [i/c-Si(n)/i] structure 
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(i.e. from 0.9 ms to 2.4 ms) and the implied VOC of 725 mV for a c-Si wafer 
symmetrically passivated by an a-Si:H(p+/i) stack in Section 3.3.2 is promising 
when compared to earlier reports of ~30 s for the stacks by De Wolf et al. 
[120] using PECVD deposited p-doped amorphous silicon. Another separate 
study by De Wolf et al. [118] showed that the non-optimum deposition 
conditions of the doped a-Si:H layers can cause H2 effusion from the 
underlying intrinsic a-Si:H film, causing a degradation in the measured carrier 
lifetime curves of the a-Si:H(p+/i) stack on the c-Si wafer as compared to a-
Si:H(i) single layers. Thus, contrary to the conclusions of Ref. [118, 120], it is 
demonstrated here that by adopting a p-doped silicon film that is deposited in 
the transition of amorphous to microcrystalline phase, it is possible to maintain 
a high degree of heterojunction interface passivation in a device structure even 
after the application of the doped silicon thin films.  
Possible explanations for this include: (i) The emitter layers are thin 
(~20 nm) as compared to previous reports (~150 nm), hence introducing lower 
absorption and recombination; (ii) The selected B2H6 flow (i.e., the doping 
concentration) was optimised to give sufficient conductivity, without creating 
too much stress on the underlying intrinsic a-Si:H buffer layer which can 
degrade the interface passivation quality. The defect density of the optimum 
doped films can also be significantly lower than in Ref. [120]; (iii) The 
deposition used a higher H2 dilution ratio, hence additional passivation by 
hydrogen at the p-doped emitter layer, intrinsic a-Si:H buffer layer or even the 
a-Si/c-Si interface could be occurring concurrently. This hypothesis is 
supported by the higher measured effective lifetime using the combined 
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doped/intrinsic silicon stack as compared to that of single intrinsic a-Si:H 
layers, see Figure 3.24.  
On the other hand, using doped µc-Si:H layers as emitter and back 
surface field layers have been reported [124, 125], considering their improved 
conductivity as compared to the amorphous counterpart. However, these 
doped µc-Si:H films need to be optimised for a wide optical bandgap, to avoid 
parasitic absorption of long-wavelength photons which would reduce the 
photogeneration in the c-Si absorber. As discussed above in Section 3.3.1, 
increasing the hydrogen dilution ratio for the doped silicon films deposited 
onto an intrinsic a-Si:H film will encourage the growth of doped silicon in the 
microcrystalline phase, however, at the expense of degradation to the 
underlying intrinsic a-Si:H film and the corresponding interface passivation 
quality.  
In this thesis, it is demonstrated that by optimizing the doping gas flow 
and the hydrogen dilution ratio, it is possible to obtain doped silicon thin films 
with wide optical bandgap, optimal conductivity, improved short-range order, 
and reduced tensile stress for application in heterojunction silicon wafer solar 
cells. The interaction study of doped silicon films on intrinsic a-Si:H films 
performed above in Section 3.3.1 demonstrates that these doped films exhibit 
a transition between amorphous to microcrystalline phase, hence possessing 
both the desired wide optical bandgap properties as well as the improved 
electrical conductance necessary for an efficient charge carrier transport. 
Although carrier lifetime samples showing the correlation of hydrogen 
dilution ratio (or doping gas flow) on the effective lifetimes of stacks are not 
available, degraded effective lifetime characteristics are still predicted with 
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higher hydrogen dilution ratio or doping gas flow, based on earlier 
discussions. Deviations from the optimum deposition conditions can lead to a 
degraded interface quality and lower solar cell efficiency, which is illustrated 
in the simulation studies of the next chapter.  
3.4 Chapter summary 
In this chapter, the feasibility of doped silicon thin films grown in the 
transition of amorphous to microcrystalline phase for device integration into 
heterojunction silicon wafer solar cells has been demonstrated. By the 
optimisation of the doping gas flow and the hydrogen dilution ratio, it is 
possible to obtain doped silicon thin films deposited in this transition that 
possess a wide bandgap, high conductivity, improved short-range order, and 
reduced tensile stress for application in heterojunction silicon wafer solar cells. 
μ-Raman spectroscopy has been extended to provide quantitative and 
qualitative information on the doped silicon films and their interaction with 
the underlying intrinsic buffer layers, allowing the influence of these 
developed doped films on the solar cell performance to be predicted before 
device integration. Some key findings are: 
 
(i) With increasing doping gas flow, the film crystallinity reduces due to 
its low doping efficiency. Electrically inactive dopant atoms are likely to act 
as recombination centres and degrade the solar cell performance. When 
packing more dopants into the same volume, vibrational modes will be 
increasingly localised as observed from the shifts of the amorphous silicon TO 
Raman peak towards higher wavenumbers. The corresponding crystalline TO 
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Raman peak shifts to lower wavenumbers, indicating higher tensile stress in 
the film.  
 
(ii) With increasing film thickness, the film evolves from an amorphous 
into a microcrystalline phase with improved conductivity, which is known to 
be due to structural relaxation, supported by the observed reduction in bond 
angle disorder with increasing thickness. The amorphous silicon TO Raman 
peak also shifts to higher wavenumbers, indicative of reduced bond length. 
Increased tensile stress is also observed, due to the non-homogenous growth 
morphology of the silicon thin film.  
 
(iii) For the deposition of the doped silicon thin film on an intrinsic a-Si:H 
thin film, increasing the H dilution ratio of the doped silicon thin film leads to 
a reduced bond angle disorder for the stack. The role of the hydrogen 
introduced during the doped film deposition is expected to reduce strain, 
reduce weak Si-Si bonds, and promote the microcrystalline growth of these 
films under favourable conditions. 
 
(iv) Applying the developed doped silicon thin-film layers on different 
heterojunction structures has shown improvement in the effective carrier 
lifetime curves across all injection levels of interest, arising from an efficient 
field effect passivation and additional reduction in the a-Si/c-Si interface 
defect density, as will be demonstrated in the next chapter. With a thinner 
intrinsic a-Si:H layer, degradation in the device’s effective carrier lifetime is 
expected due to reduced passivation effects, but the addition of our doped 
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silicon thin films has reduced the detrimental effects, as evidenced by an 
improvement of the implied open-circuit voltage by ~100 mV.  
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CHAPTER 4 : Three-dimensional numerical modelling of 
heterojunction silicon wafer solar cells 
 
This chapter develops a three-dimensional (3D) numerical simulation 
model catered to the simulation and analysis of different heterojunction silicon 
wafer solar cells concepts. The 3D simulation model is specifically calibrated 
towards the in-house developed silicon and dielectric passivation thin films 
and in-house developed diffusion profiles in order to obtain an accurate 
representation of the efficiency potential. Simulation studies are conducted on 
the measured injection dependent carrier lifetimes of the [p+/i/c-Si(n)/i/p+] 
lifetime structures, showing exceptional lifetimes using doped p-layers grown 
in the phase transition region, as described in Section 3.3.2. The influence of a 
varying interface defect density on the performance of conventional 
heterojunction silicon solar cells is investigated. The calibrated simulation 
input parameters will provide a realistic performance prediction of hetero-
junction solar cells utilising conductive DBR stacks in Chapter 5, and hybrid 
heterojunction solar cell concepts in Chapter 6. 
 
4.1 Different heterojunction silicon solar cell designs to be investigated 
 
In this thesis, various simulation studies were performed to provide a 
detailed performance analysis of selected solar cell architectures, i.e. 
comparing a conventional diffused homojunction solar cell architecture to the 
already introduced novel hybrid (homojunction/heterojunction) solar cell 
architecture (as described in more detail in Chapter 6), as well as to a full-area 
heterojunction solar cell architecture (not using/using a rear-side conductive 
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Bragg reflector as described in more detail in Chapter 5), see Figure 4.1. To 
better reflect the non-linearity of current flows within the device, and to cater 
for complex solar cell structures such as those utilizing point-contact schemes 
(as sketched in Figure 4.1a and b), a 3D numerical analysis model had to be 
established. In this aspect, a commercial device simulation programme 
(Synopsys, Sentaurus TCAD [126]) is used. The corresponding simulation 
input parameters are calibrated twofold; firstly towards reported state-of-the-
art cell results from Panasonic [127], and secondly towards in-house measured 
intensity dependent effective carrier lifetime curves of diffused and undiffused 
silicon wafers which are symmetrically passivated with the in-house 
developed heterojunction silicon films or dielectric passivation films, as 
described in the subsequent sections. Using such kind of calibrated simulation 
model will provide a realistic prediction and analysis of the various solar cell 




























Figure 4.1. Schematic of the investigated cell types used in this thesis. 
(a) Diffused homojunction cells, (b) hybrid (homojunction/heterojunction) 
cells, (c) conventional full-area heterojunction cells, (d) full-area hetero-
junction cells that utilize conductive distributed Bragg reflector (DBR) stacks. 
All cells are sketched in a front-emitter configuration. 
 
4.2 Basic numerical models 
The first step towards a reliable solar cell simulation is to set up 
suitable numerical simulation models and input parameters that are 
representative of the “standard” heterojunction silicon solar cells as reported 
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by the leader of the heterojunction silicon technology, Panasonic [127] (see 
Figure 4.1(c)). There are various reports related to the modelling of 
amorphous/crystalline heterojunction solar cells [127-132]. In particular, 
Rahmouni et al. [127] have established a set of simulation input parameters 
for the a-Si:H(p), a-Si:H(n), a-Si:H(i) layers, as well as for the a-Si:H(i)/c-Si 
interface properties, in order to match the measured solar cell results obtained 
by Taguchi et al. [133], using ASDMP (a 1D numerical semiconductor device 
modelling programme). Using the parameters of Ref. [127] as a starting point, 
a 3D numerical simulation was performed using Sentaurus TCAD. Figure 4.2 
shows an example of the 3D simulated solar cell structure.  
 
Figure 4.2. Schematic of the simulated solar cell structure, including the 3D 
symmetry element used within the simulations (“simulated structure”).  
 
For these 3D device simulations, the dimensions of the simulated unit 
cell structure were 500 µm  500 µm, with a Si wafer thickness of 220 µm. A 
consistent set of models and parameters for the simulation of c-Si solar cells 
was adopted [134], including Fermi-Dirac statistics, Klaassen’s unified 
mobility model, radiative and Auger recombination, and their temperature 
dependences. The specific contact resistance of the metal contacts was 
selected as 1 mΩcm2, while the TCO sheet resistance was chosen as 100 Ω/□ 
(or equivalently, a resistivity of 810-4 Ωcm). The simulation programme 
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takes into account the resistance contributions from the silicon wafer, hetero-
junction silicon films, TCO films, and the metal contacts. Table 4.1 shows a 
comparison of our simulated results to the simulated results in the literature 
[127] and the experimental results [133]. The a-Si:H(i)/c-Si interface defect 
distribution Dit is assumed as two Gaussian dangling bond distributions with a 
full width at half maximum of 0.47 eV,  and a correlation energy of 0.2 eV 
corresponding to the donor and acceptor type dangling bond distribution peaks 
situated at 0.46 eV and 0.66 eV with reference to the valence band edge 
respectively. It is to be noted that, in accordance with Ref. [133], an increasing 
a-Si:H(i)/c-Si interface defect density has to be assumed for decreasing 
thickness of the a-Si:H(i) buffer layers. 
 
Table 4.1. 3D modelling of conventional heterojunction solar cells, as 
sketched in Figure 4.1(c). Dit is the interface defect density at the a-Si:H(i)/ 
c-Si(n) interface. The simulated results of this thesis (labelled “SIM(this 
work)”) are compared to experimental results by Taguchi et al. [133] (labelled 
“EXP”), and to the corresponding 1D simulation results as reported by 
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(cm2/V s) 
Dit  









1.5 30 (6) 2.51011 EXP 37.4 0.699 0.776 20.3 
 
SIM 
(literature) 37.2 0.702 0.775 20.2 
 
SIM  
(this work) 37.22 0.698 0.778 20.21 
3.0 25 (5) 1.31011 EXP 37.2 0.711 0.773 20.4 
 
SIM 
(literature) 37.0 0.712 0.774 20.4 
 
SIM  
(this work) 37.19 0.711 0.773 20.45 
6.0 15 (3) 9.01010 EXP 36.5 0.718 0.747 19.6 
 
SIM 
(literature) 36.7 0.717 0.747 19.7 
 
SIM  
(this work) 36.57 0.718 0.746 19.58 
9.0 15 (3) 9.01010 EXP 36.4 0.715 0.717 18.7 
 
SIM 
(literature) 36.6 0.714 0.718 18.8 
 
SIM  
(this work) 36.33 0.716 0.715 18.6 
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To summarize, a 3D numerical simulation model catered to the 
simulation of the conventional heterojunction silicon wafer solar cell has been 
established, which is able to reproduce the experimental results from Taguchi 
et al. [133] and the corresponding 1D simulation results from Rahmouni et al. 
[127]. In the following sections, these basic numerical models will be adapted 
to reflect measured characteristics of the in-house developed thin films, based 
on a calibration of various measured intensity dependent carrier lifetime 
curves using these films.  
 
4.3 Calibration of diffusion profiles 
 
A first step is to calibrate the simulation towards the in-house 
developed diffusion profiles.  
Figure 4.3 shows the in-house developed boron and phosphorus 
diffusion profiles as measured by electrochemical capacitance voltage 
profiling (WEP Control, CVP-21 tool) and fitted by Sentaurus TCAD. The 
boron profile is about 1.5 µm deep and has a sheet resistance of 60 Ω/□. The 
phosphorus profile is shallower at 0.5 µm, and has a sheet resistance of 
50 Ω/□. While the original 50 Ω/□ P diffusion profile is used for modelling the 
rear-side locally diffused BSF regions, a correspondingly etched-back profile 
removing the first 100 nm is used when modelling the front-side full-area 
diffused FSF regions. This is to avoid the highly recombination active doped 
region of the P diffusion profile near the front surface which is found to limit 
the short-circuit current of conventional diffused solar cells experimentally. 
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Figure 4.3. Measured B and P diffusion profiles developed in-house 
(symbols), and the corresponding simulated fit (lines). For the phosphorus 
profile, an additional etch-back profile is adopted and simulated. 
 
4.4 Calibration of thin films deposited on diffused and undiffused 
wafers 
 
Next, the simulation input parameters were calibrated to fit the 
measured effective carrier lifetime curves of non-diffused/P-diffused/B-
diffused n-type Cz wafers passivated either by dielectric films (SiNx or 
AlOx/SiNx, for more details see [135, 136]) or by heterojunction silicon films 
(intrinsic a-Si:H, intrinsic/doped a-Si:H stack and doped μc-Si:H, for more 
details see [137]). The resulting measured and simulated intensity dependent 
lifetime curves are shown in Figure 4.4. Table 4.2 shows the fitted information 
on bulk properties of the silicon thin-films, while the interface properties 
towards the c-Si substrate, i.e. describing the AlOx/c-Si, SiNx/c-Si or the a-
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Figure 4.4. Measured (symbols) and simulated (lines) carrier lifetime curves of 
un-diffused and symmetrically diffused n-type Cz Si wafers, passivated by 
various passivation layers, representing the contact regions and the passivated 
regions of the various solar cell architectures mentioned in Section 4.1. The 
measured diffusion profiles of Figure 4.3 as well as the measured interface 
charge and interface defect distribution of Figure 4.6. serve as input 
parameters for the lifetime simulation. The reverse saturation current densities 
Jo (at an injection region nearby 1015 cm-3, i.e. expected maximum power 
point conditions) of the various solar cell regions are additionally stated. The 
intrinsic lifetime limit of the wafer according to the model by Richter et al. 
[138] is also indicated (i.e. assuming ideal surfaces with zero surface 
recombination). 
 
Table 4.2 summarizes the calibrated simulation input parameters for 
the modelling of the c-Si substrate and the intrinsic/doped silicon films based 
on the fitting of the injection level dependent effective carrier lifetime curves, 
as well as based on the modelling of standard heterojunction cells as reported 
in Section 4.2.  
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Table 4.2. Simulation input parameters for modelling the bulk properties of the 
c-Si wafer and of the a-Si and µc-Si thin-film layers, based on [127] as well as 
on the fitting of the lifetime samples of Figure 4.4. The activation energy (i.e. 
position of the Fermi level relative to the majority carrier band) is included 
based on the chosen simulation parameters. 
 
  
As can be seen in Table 4.2, there are hetero band offsets between the 
c-Si wafer and the a-Si:H layers, i.e. assuming a valence band offset ∆EV in 
the range of 0.41 to 0.46 eV (corresponding to a conduction band offset ∆Ec of 
0.22 eV). As for microcrystalline silicon layers, no band offset is present (i.e. 
the same bandgap as the c-Si wafer is assumed). In general, a-Si:H thin-film 














Layer thickness (µm) 150 0.005 0.020 0.020 0.020 0.020 
Electron affinity (eV) 4.22 4.0 4.0 4.0 4.22 4.22 
Mobility gap (eV) 1.12 1.75 1.80 1.75 1.12 1.12 
∆EV with respect to c-Si 
(eV) 0 -0.41 -0.46 -0.41 0 0 
Donor (acceptor) doping 




1019) 61019  
(9.5 
1018) 
Effective DOS in CB 
(cm-3) 2.801019 21020 21020 21020 21020 21020 
Effective DOS in VB 
(cm-3) 1.041019 21020 21020 21020 21020 21020 
Urbach energy (VB tail) 
(eV) - 0.045 0.05 0.05 - - 
Urbach energy (CB tail) 
(eV) - 0.03 0.03 0.03 - - 
Urbach tail pre-factor  
(cm-3 eV-1) - 41021 41021 41021 - - 
Electron/hole mobility  
(cm2 V-1 s-1) 
1417 / 
470  25 / 5 20 /4 25 / 5 40/4 40/5 
Gaussian defect density  




1019 71019 1018 
Gaussian donor peak 
position  
from VB (eV) 0.46 0.83 0.50 1.00 0.20 0.70 
Gaussian acceptor peak 
position from VB (eV) 0.46 1.03 0.70 1.20 0.40 0.90 
Neutral σ (for Urbach 
tail and 




10-16 10-17 10-17 
Charged σ (for Urbach 
tail and Gaussian 




10-15 10-16 10-16 
Activation energy (eV) 0.27 0.83 0.20 0.30 0.05 0.08 
Correlation energy (eV) - 0.20 0.20 0.20 0.20 0.20 
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type Gaussian dangling bond defect distribution around midgap and by two 
exponential tail states at the conduction and valence band edges. The doping 
efficiency of microcrystalline silicon thin films is generally more effective as 
compared to doped a-S:H, this is reflected in the much lower activation energy 
in the range of 50 - 80 meV for doped μc-Si:H compared to an activation 


















1 ] Eurbach 
= 45 meV
db density











= 2.6 x 1019 cm-3



















































Eac = 200 meV
db density












































1.07energy [eV]  
Figure 4.5. Graphical representation of the bulk defect distribution of the 
calibrated a-Si and µc-Si films for subsequent simulation. The activation 
energy Eac is indicated as well. 
 
A corresponding graphical representation of the bulk defect density 
distributions within the respective silicon thin films is shown in Figure 4.5. 
While a-Si:H was modelled using dangling bond defect distributions as well as 
tail state defect distributions, the tail states for microcrystalline silicon 
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(µc-Si:H) films were omitted. In all figures, the dangling bond density is 
indicated together with the activation energy as indicated in Table 4.2. 
 
4.5 Calibration of interface properties 
4.5.1 Interface towards dielectric passivation layers 
For wafers passivated by SiNx or AlOx/SiNx stacks, the fixed interface 
charge density Qf and the energetic distribution of interface defects Dit(E) has 
been measured by contactless corona charge-Kelvin probe measurements 
(non-contact CV, SEMILAB PV-2000 tool). The corresponding measurement 








SiNx , Qf= 3.510
12 cm-2














Si band-gap energy (eV)
 
Figure 4.6. Measured energetic distribution of interface defects Dit(E) and 
fixed charge density Qf of an n-type c-Si substrate symmetrically passivated 
by either SiNx or an AlOx/SiNx stack. 
 
While the measured energetic distribution of the interface defects 
Dit(E) is typically U-shaped, a simplified constant Dit value throughout the 
bandgap is assumed for simulation, with suitably chosen values for the neutral 
88 
and charged capture cross sections to match the measured lifetime curves (see 
Table 4.3). 
 
Table 4.3. Extracted interface parameter towards the c-Si wafer from fitting 
the [SiNx/AlOx/c-Si(n)/AlOx/SiNx] and [SiNx/c-Si(n)/SiNx] effective lifetime 












Measured 21011 -3.01012 - - 
Model 61011 -3.01012 4.010-17 4.010-19 
SiNx/c-Si(n)/SiNx 
Measured 51011 3.51012 - - 
Model 31011 3.51012 3.510-16 3.510-18 
 
4.5.2 Interface towards thin-film silicon layers 
Table 4.4 shows the extracted interface defect density of c-Si wafers 
that are symmetrically passivated by either a single intrinsic a-Si:H(i) layer or 
by a stack of intrinsic/doped [a-Si:H(i)/a-Si:H(p) or a-Si:H(i)/a-Si:H(n)] 
heterojunction layers.   
 
Table 4.4. Assumed interface defect density Dit for lifetime structures, 
symmetrically passivated by a-Si:H(i), a-Si:H(i)/a-Si:H(p) or a-Si:H(i)/a-
Si:H(n) respectively, in order to get a decent fit as seen in Figure 4.4, and used 
in all further simulations to model the heterojunction contacts of the solar 
cells. The interface defect distribution is defined as two Gaussian dangling 
bond distributions with correlation energy of 0.2 eV situated at 0.46 eV and 


















Dit (cm-2 eV-1) 4.61012 51010 51010 
Charged σ (cm2) 10-18 10-18 10-18 
Neutral σ (cm2) 10-19 10-19 10-19 
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In order to simulate the measured intensity dependent carrier lifetime 
of a c-Si wafer symmetrically passivated by an intrinsic a-Si:H(i) layer with 
device relevant thickness of ~10 nm (as shown in Figure 4.4), an interface 
defect density Dit of 4.61012 cm-2 eV-1 has to be assumed. In case of a further 
addition of the doped a-Si:H(p) layers (~20 nm) and a subsequent H annealing 
at 180 ºC, a reduced Dit of 51010 cm-2 eV-1 has to be assumed in order to have 
a good fit to the measured data. While the doped layers provide the necessary 
field effect passivation [129], the reduction of the interface defect density or 
surface recombination velocity can be attributed to the additional H annealing 
[139] typically applied after deposition of the doped layers in this work. The 
same interface defect density of 51010 cm-2 eV-1 is assumed in case of a 
passivation with an a-Si:H(i)/a-Si:H(n) stack.  
When using a μc-Si:H layer for passivation, no additional interface 
defect density has to be assumed, as the μc-Si:H layer itself is already very 
recombination active and there are no more band-offsets preventing minority 
carriers from recombining within this layer.  
4.6 Influence of interface defect density on device performance 
According to Section 4.4, a higher injection level dependent lifetime 
was measured for the [p+/i/c-Si(n)/i/p+] lifetime structures as compared to the 
[i/c-Si(n)/i] structures, see Figure 4.4. This can be attributed to the improve-
ment of the interface quality resulting from the optimisation of the deposition 
conditions of the doped silicon thin films with device relevant thicknesses 
(< 20 nm). For non-optimum deposition conditions of the doped films, this 
improvement could be negligible or the intrinsic buffer layers could even face 
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degradation, leading to a drop in the interface passivation quality. It is of 
interest here to study the influence of the interface defect density on the carrier 
lifetime curves and final device performance, and highlight the importance of 
optimizing the deposition conditions of the overlying doped silicon thin films 
for higher solar cell efficiencies. 
If the interface defect density does not reduce with the application of 
the doped layers, we would expect to see effective lifetime curves similar to 
Figure 4.7, where the effective lifetime at the same injection level of 1015 cm-3 
would not see major improvements, although at low injection levels, the 
minority carrier lifetimes of [p+/i/c-Si(n)/i/p+] structures are higher than those 
of [i/c-Si(n)/i] structures, due to the field effect passivation benefits from the 
doped layers. 






bulk c-Si lifetime = 10 ms








Injection level [cm-3]  
Figure 4.7. Simulated effective carrier lifetime curves of differently passivated 
structures. The a-Si:H(i)/c-Si(n) interface defect density Dit is assumed to be 
fixed at 4.61012 cm-2 eV-1 for all lifetime structures with passivation layer 
stacks. The application of doped silicon thin-film layers provides field effect 
passivation, evident from the improved effective lifetimes at low injection 
levels as compared to the i/c-Si(n)/i structure. The c-Si(n) substrate is assumed 




Hence, the choice of the deposition conditions of the doped silicon 
thin-film layers affects not only the bulk properties, it can also have a direct 
impact on the a-Si:H(i)/c-Si interface quality. For non-optimum doped silicon 
film deposition conditions, the a-Si/c-Si interface defect density improvement 
can be absent or even degraded by the overlying doped films. Figure 4.8 
evaluates the impact of increasing interface defect density (Dit) on the 
injection level dependent effective carrier lifetime curves of [i/c-Si(n)/i] 
structures.  





a-Si:H(i) / c-Si(n) / a-Si:H(i)
variable Dit from 510
10 to 5.51011 cm-2
neutral = 10
-15 cm2








Figure 4.8. Influence of increasing interface defect density on the simulated 
injection level dependent effective carrier lifetime curves for [i/c-Si/i] struc-
tures. 
 
As observed from Figure 4.8, the most significant impact of increasing 
Dit is the decrease of the effective carrier lifetimes at low injection levels. This 
has an important implication on the cell performance during low or medium 
incident light levels where the lower minority carrier lifetime is associated 
with increased surface recombination losses, and corresponding lower 
collection efficiency at the contacts. However, at high injection levels there is 
practically no difference in the curves as Auger recombination dominates in 
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this region. Simulation studies showed that the bulk of the Auger 
recombination takes place near the front emitter and back surface field 
regions, since most of the photogeneration occurs near the front surface, while 
the back surface field regions is associated with charge carriers collections. 
The lower injection levels are then associated mainly in the bulk region, where 
the minority carriers to be collected should have sufficiently high diffusion 
lengths in order to have a higher probability of collection before 
recombination takes place. Table 4.5 shows a direct influence of varying Dit 
on the simulated one-sun cell performance. Improving Dit improves all key 
cell parameters (JSC, VOC and FF), bringing cell efficiency gains from 20.7% 
at a Dit of 5.51011 cm-2 eV-1 to 22.5% for a Dit of 51010 cm-2 eV-1, a relative 
gain of 8%. Having such a low Dit is achievable as demonstrated in our own 
lifetime measurements, and highlights the importance of the doped silicon thin 
film optimisation process. For a less-than-optimum doped layer, a higher Dit is 






Table 4.5. Influence of a-Si:H(i)/c-Si interface defect density Dit on simulated 
effective carrier lifetime curves and standard heterojunction solar cell 













4.7 Chapter summary 
In this chapter, we highlighted the different heterojunction silicon 
wafer solar cell architectures to be investigated in this thesis, prompting the 
development of a three-dimensional (3D) numerical simulation model in order 
to compare advanced solar cell concepts (using rear side point-contacts and 
front side stripe-contacts) to conventional solar cell architectures, which can 
be treated by 1D or 2D simulation. For an accurate representation of our 
in-house developed films on these solar cell concepts, the 3D simulation 
model had to be calibrated. This calibration was achieved twofold, via 
reproducing the measured injection level dependent lifetimes of various device 
relevant lifetime samples, and by reproducing the device results of standard 















5.01010 1.45 37.58 0.743 80.59 22.506 
1.01011 1.10 37.54 0.740 79.99 22.217 
1.51011 0.88 37.50 0.737 79.48 21.966 
2.01011 0.74 37.46 0.734 79.07 21.739 
2.51011 0.63 37.41 0.731 78.76 21.545 
3.01011 0.55 37.37 0.729 78.48 21.365 
3.51011 0.49 37.33 0.726 78.28 21.202 
4.01011 0.45 37.29 0.723 78.10 21.052 
4.51011 0.41 37.24 0.721 77.94 20.916 
5.01011 0.37 37.20 0.718 77.81 20.782 
5.51011 0.34 37.16 0.716 77.74 20.668 
94 
The experimental results of Chapter 3 revealed an improvement in the 
measured effective carrier lifetime curves after the symmetrical addition of the 
doped silicon layers on the a-Si(i)/c-Si(n)/a-Si(i) lifetime structure. The 
simulation analysis in this chapter suggests that this observation can be 
attributed to the improved interface quality brought about by the optimum 
deposition conditions of the doped layers, allowing an efficient field effect 
passivation to take place without detrimental effects to the underlying intrinsic 
a-Si:H buffer layer responsible for chemical passivation of the interface. The 
additional hydrogen annealing step after the doped film deposition further 
introduces hydrogen atoms which can diffuse through the thin films and reach 
the interface for further passivation of dangling bonds. This hypothesis is 
confirmed from the significant reduction in the simulated interface defect 
density (~2 orders of magnitude) in order to match the measured results. Using 
a fitted interface defect density (Dit) of 51010 cm-2 eV-1, simulated solar cell 
efficiencies in the range of 22.5 % using a conventional heterojunction solar 




CHAPTER 5 : Evaluating heterojunction solar cells using a 
conductive distributed Bragg reflector (DBR) with µc-Si:H(n) 
and ZnO:Al 
 
This chapter elaborates on the methodology to fabricate a novel 
conductive distributed Bragg reflector (DBR) scheme using the developed 
conductive doped silicon films, i.e. n-doped μc-Si:H and transparent 
conductive oxide (TCO) films, i.e. Al-doped ZnO, to be used for hetero-
junction silicon wafer solar cell applications. Experimental results for 
conductive Bragg layers deposited onto bare and Al-coated glass substrates are 
presented and compared with corresponding numerical simulations. Finally, 
we predict the improvement in solar cell efficiency when this conductive DBR 
is integrated at the rear of a modified heterojunction silicon wafer solar cell. 
5.1 Methodology 
Figure 5.1 shows a schematic of the modified heterojunction silicon 
solar cell structure to be investigated. The solar cell features a textured 
heterojunction passivated front surface and a planar heterojunction passivated 
rear surface covered by a conductive DBR that utilises multiple DBR unit 
blocks with optimised thicknesses for the conductive µc-Si:H(n) and ZnO:Al 
films, in order to achieve a high internal rear optical reflectance for near-
infrared photons to further increase the photogeneration in the c-Si wafer. The 
development and integration of these two conductive films to form a 




Figure 5.1. Schematic of a modified heterojunction silicon solar cell, using a 
rear-side conductive distributed Bragg reflector, consisting of multiple stacks 
of µc-Si:H(n) and ZnO:Al, in order to achieve a high internal optical 
reflectance. The rear interface optical reflectance is calculated within the 
boxed region, as will be elaborated in Section 5.2.5.1. 
 
To realise the conductive DBR stacks, we used two different heavily 
doped semiconductor films: n-type hydrogenated microcrystalline silicon, 
μc-Si:H(n), and n-type (aluminium) zinc oxide, ZnO:Al. The first is widely 
used in thin-film silicon solar cells, while the latter is a transparent conductive 
oxide (TCO) material with applications in the solar and display industries. For 
characterisation purposes, individual films were deposited onto planar glass 
substrates. The deposition of the μc-Si:H(n) films has been described in 
Chapter 3. The ZnO:Al films were deposited by RF magnetron sputtering, 
using a ceramic ZnO:Al2O3 target with 2% Al2O3 by weight. Table 5.1 
summarises the most important deposition parameters of the two investigated 
films. For initial characterisation, the thickness of the n-type silicon film was 
chosen to vary from 20 to 80 nm, in 20-nm steps, whereas the ZnO:Al film 
was chosen to vary from 80 to 140 nm, in 20-nm steps. 
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The transmission and reflection characteristics of each sample 
(film/glass) were obtained using a UV-VIS-IR spectrophotometer 
(PerkinElmer, Lambda 950). The measurements were performed from the film 
side. The raw optical data were fitted using a commercial software (Coating 
designer, v3.44 [96]), giving the optical constants of each film. In addition, the 
thickness and sheet resistance of each film were measured by stylus profilo-
metry (Bruker, Dektak 150) and a four-point probe (Napson Corporation, 
Cresbox), respectively.  
Next, using the optical constants of the two conductive thin films, the 
wavelength dependent gap-midgap ratio Δߣ଴/ߣ଴  was calculated in order to 
select the optimum peak reflectance wavelength ߣ଴ with its bandwidth Δߣ଴, 
with a focus on the near-IR photons (~1000 nm) for which light trapping 
needs to be optimised for c-Si solar cells. The theoretically proposed Bragg 
quarter-wavelength stacks were then realised on planar glass substrates, 
whereby various numbers (up to 10) of DBR unit blocks were deposited. The 
measured reflectance of the resulting conductive DBRs was then compared 
with numerically calculated values, using FreeSnell [140], a commercial 
software which adopts the transfer matrix method [73]. Furthermore, all 
experiments were repeated on aluminium-coated glass substrates, in order to 
μc-Si:H(n) ZnO:Al 
Pressure (mTorr) 1900 3 
Substrate temperature (°C) 210 100 
H2 flow (sccm) 150 - 
SiH4 flow (sccm) 5 - 
PH3 flow (2% in H2) (sccm) 2 - 
Ar flow (sccm) - 23 
RF power density (W) 85 200 
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study the influence of a rear metal contact (which is typically present at the 
rear-side of heterojunction silicon solar cells, either as contact fingers or even 
as a full-area contact). 
Finally, we simulated the suitability of incorporating the conductive 
DBR at the rear of a heterojunction silicon solar cell using the calibrated 
simulation model described in Chapter 4. The influences of the enhanced 
internal interface reflectance and the enhanced conductance of the DBRs on 
the current-voltage characteristics of the solar cell are discussed.  
 
5.2 Results and discussion 
5.2.1 Optical constants of the deposited thin films 
The optical constants of the 60 nm thick n-doped μc-Si:H and 80 nm 
thick ZnO:Al films are shown in Figure 5.2 . It is observed from Figure 5.2 
that the developed n-doped silicon film as described in more detail in Chapter 
3 is indeed of a microcrystalline nature, with its optical constants lying 
between pure amorphous silicon and crystalline silicon. The film structure of 
the n-doped silicon film is thickness dependent, whereby the film is mainly 
amorphous at low thicknesses (20 nm) and becomes more crystalline with 
increasing thickness, and the optical constants change accordingly (figure not 
shown here). On the other hand, it is observed that the optical constants of the 



















































Figure 5.2. Measured (a) refractive index n and (b) extinction coefficient k of 
the investigated n-type hydrogenated microcrystalline silicon film and TCO 
film (ZnO:Al). Also shown, for comparison, are the corresponding values for 
high-quality monocrystalline silicon [12] and PECVD amorphous silicon [46]. 
 
5.2.2 Calculation of the peak reflectance using a conductive DBR 
Since the gap-midgap ratio of a conductive distributed Bragg reflector 
varies with the wavelength dependent complex refractive indices as compared 
to a dielectric based Bragg reflector described in Chapter 2, it is more 
appropriate to show the upper and lower peak reflectance limits, ߣ଴ ൅ ∆ఒబଶ  and 
ߣ଴ െ ∆ఒబଶ , as a function of the peak reflectance wavelength λ0, see Figure 5.3. 
The gap-midgap ratio expression in Chapter 2, Eqn. 2.2 [70] was based on the 
assumption of zero extinction coefficient (i.e., zero absorption) for all 
wavelengths of interest. However, the conductive films developed in this work 
show wavelength dependent non-zero extinction coefficients, which imply 
some degree of absorption in the target peak reflectance regions. To address 
this issue, a revised form for the gap-midgap ratio for conductive thin-film 
materials is derived in Appendix A.  
To obtain Figure 5.3, the complex refractive indices (n,k) of the 
μc-Si:H(n) and ZnO:Al thin films were deduced from Figure 5.2 (from 400 to 
100 
1150 nm, using 50-nm intervals) and the upper/lower peak reflectance limits 
were calculated using Eqn. (A2). Considering the bandgap (~1.12 eV) of the 
crystalline silicon absorber in a heterojunction solar cell, the upper peak 
reflectance should be chosen at ~1100 nm. This is shown as dashed line in 
Figure 5.3. We can thus deduce a central peak reflectance wavelength at ~900 
nm, with a corresponding lower peak reflectance limit of ~700 nm. In other 
words, in order to enhance the internal reflection of long-wavelength photons 
up to 1100 nm within the solar cell absorber, the thicknesses of the μc-Si:H(n) 
and ZnO:Al films should be chosen to satisfy a quarter-wavelength stack 
requirement with a target peak reflectance wavelength at ~900 nm. According 
to this design rule, we expect to see a high reflectance for the 900 ± 200 nm 
wavelength range, and a corresponding gap-midgap ratio ∆ߣ଴/ߣ଴  of ~0.45. 
The resulting optimised layer thicknesses for the μc-Si:H(n) and ZnO:Al films 
to be used in a conductive DBR at the rear of a heterojunction c-Si solar cell 
will be 69 nm and 142 nm, respectively (see Table 5.2).  


















peak reflectance wavelength  [nm]
 lower peak reflectance limit
 upper peak reflectance limit

 
Figure 5.3. Calculated upper and lower peak reflectance limits as a function of 
the peak reflectance wavelength based on the wavelength dependent refractive 
indices of μc-Si:H(n) and ZnO:Al.  
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Table 5.2. Calculated thicknesses for the μc-Si:H(n) and ZnO:Al films to 
achieve a peak reflectance at 900 nm. 
   μc-Si:H(n) ZnO:Al 
Peak wavelength (nm) 900 900 
Refractive index n  3.28 1.58 
Calculated thickness required (nm) 69 142 
 
5.2.3 Conductive DBR on glass substrates 
Using the optimized layer thicknesses (Table 5.2), characterisation was 
performed using planar glass substrates with various numbers of DBR unit 
blocks. Figure 5.4 shows a cross-sectional scanning electron microscopy 
(SEM) image of one of the fabricated DBRs on glass, while Figure 5.5 shows 
the measured reflectance of air/DBR/glass samples with five different 
numbers of DBR unit blocks, illuminated from the film side. It can be 
observed that the optical reflectance in the targeted wavelength regions 
increases with the number of DBR unit blocks. For 3 DBR unit blocks, the 
peak reflectance is about 97%. For 10 DBR unit blocks, it increases further to 
99% at the design wavelength. These very high numbers confirm the 
feasibility of using these two thin-film materials for forming a high-
performance distributed Bragg reflector.  
 
Figure 5.4. Cross-sectional SEM image of a fabricated distributed Bragg 
reflector consisting of 142 nm thick ZnO:Al and 69 nm thick μc-Si:H(n) films, 
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Figure 5.5. Measured optical reflectance as a function of wavelength for 
air/DBR/glass samples with 5 different numbers of DBR unit blocks. The 
samples were illuminated from the film side.   
 
Figure 5.6 shows a comparison of the experimental and simulated 
reflectance results, for the case of one and three DBR unit blocks. In general 
the simulations agree quite well with the measured data, although some 
deviations in the peak reflectance values are observed. These are very likely 
due to slight thickness variations in the fabricated samples.  
Besides improving the optical reflectance at the target wavelength 
range with increasing number of DBR unit blocks, the sheet resistance also 
decreases, i.e., from 40 Ω/□ using only one DBR unit block to 8 Ω/□ using 
five DBR unit blocks, see Figure 5.7. This is beneficial when applied as a rear 
contact system of a heterojunction silicon solar cell. Five DBR unit blocks are 
already sufficient to achieve very high optical and electrical performance. Our 
results compares favourably with the various conductive DBR schemes 
reported in Ref.[66-69, 141], where the peak reflectivity wavelength of their 
reported conductive DBR stacks ranges from 426 to 550 nm, with peak 
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reflectivity ranging from 73 to 90 %, and sheet resistance in the range of 35 to 
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Figure 5.6. Comparison of measured (M) and simulated (S) results for (a) one 
DBR unit block on a glass substrate and (b) 3 DBR unit blocks on a glass 
substrate. Each DBR unit block consist of optimised thicknesses for μc-Si:H(n) 

























1.0 peak reflectance at 900 nm
 
Figure 5.7. Influence of the number of DBR unit blocks on the measured sheet 
resistance and peak reflectance at the target wavelength of 900 nm.  
 
5.2.4 Conductive DBR on metal substrates 
 
Given the presence of a rear metal contact in the heterojunction silicon 
wafer solar cell concept (see Figure 4.1(c)), we also report on measured and 
simulated optical reflectance of the developed conductive DBR on a metal 
coated substrate. Simulation studies on air/DBR/Al samples in Figure 5.8 
predict a significantly higher optical reflectance using only one DBR unit 
block, if an Al coated substrate is used instead of a glass substrate (i.e., ~93% 
optical reflectance compared to ~57% at the target peak wavelength), thus 
benefiting from the inherent high reflectivity of the metal coating. Metal-based 
back surface reflectors have been reported, however, their high extinction 
coefficient in the long-wavelength region [142] make them unsuitable for 
high-efficiency solar cell applications. In comparison, the extinction 
coefficients of our doped films are significantly lower in the target wavelength 
range and hence a significant absorption of long-wavelength photons can be 
avoided. Increasing the number of DBR unit blocks does not increase the peak 
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reflectance, see Figure 5.8. It only leads to a reduced reflection bandwidth, 
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Figure 5.8. Simulated (S) reflectance of the optimised DBR on an Al-coated 
substrate with different numbers of DBR unit blocks. 
  
 Figure 5.9 shows a comparison between the measured and simulated 
reflectance, using one and two DBR unit blocks on an Al-coated substrate, 
respectively. Again, there is good general agreement between measurements 
and simulations. A combined peak reflectance of 98% has been measured 
using only one DBR unit block. Moreover, a peak reflectance of almost unity 
(99.7%) with two DBR unit blocks is achieved on an Al-coated substrate.  
This is consistent with findings from Mutitu et al. [143] using a hybrid 
dielectric-metallic back reflector for amorphous silicon solar cells. The 
number of DBR unit blocks required for high optical reflectance is signifi-
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Figure 5.9. Measured (M) and simulated (S) reflectance of the optimised DBR 
on an Al-coated substrate for (a) one double-layer unit block and (b) two 
double-layer unit blocks. 
 
Hence, considering the application of the conductive DBR at the rear 
of a heterojunction silicon solar cell, it appears adequate to use only one DBR 
unit block if a full-area rear metal contact is used. Prior to this work, the 
typical thicknesses of the rear μc-Si:H(n) BSF and ZnO:Al TCO film in such 
cells were in the range of 20 nm and 80 nm, respectively which is relatively 
lower as compared to the optimised DBR thicknesses of 69 nm and 142 nm 
respectively. However, using this “standard thickness” on an air/BSF/TCO/Al 
configuration, the simulated optical reflectance of ~78% (at 900 nm) is signifi-
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cantly lower as compared to the optimised DBR thicknesses of 93%, see 
Figure 5.10. From these initial results, using a single DBR unit block is 
already sufficient to accomplish both (i) reduced series resistance of the solar 
cell and (ii) enhanced internal reflection of long-wavelength photons at the 
rear. The rear’s sheet resistance decreases from 100 to 40 Ω/□, and the 
weighted average reflection from 700 nm to 1100 nm increases from 79.5 to 
88.2%. It is noted that the predicted lower reflectance in the short-wavelength 
region (< 700 nm) is of no relevance, as most of these photons would have 
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Figure 5.10. Comparison of simulated reflectance of (i) optimised DBR stack 
thickness on a Al-coated substrate and (ii) standard μc-Si:H(n) and ZnO:Al 
thickness on an Al-coated substrate. For the DBR stack, the μc-Si:H(n) and 
ZnO:Al layer thickness is chosen as 69 nm, and 142 nm respectively. For the 
standard, the μc-Si:H(n) and ZnO:Al thickness is chosen as 20 nm and 80 nm, 
respectively. 
 
The discussion in the above two sections is based on the DBR facing 
ambient air as the surrounding medium. However, as the conductive DBR is to 
be applied at the rear of a c-Si substrate, it is of more relevance to investigate 
the impact of the DBR if c-Si instead of air is facing the DBR stack. This will 
be investigated in the next section.  
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5.2.5 Evaluating heterojunction solar cell performance using a 
conductive DBR  
 
In this section, the influence of the conductive DBR on device 
performance is predicted when applied at the rear of a heterojunction silicon 
solar cell (i.e., if c-Si instead of air is facing the DBR stack as in Figure 
5.11(b)). A detailed description of the calibrated simulation input parameters 
is presented in Chapter 4.  
In line with experimental results in the literature [93, 144], our 
in-house developed n-doped silicon films also show a crystallinity that 
increases with increasing film thickness (i.e., thin films are purely amorphous 
whereas thicker films contain both a-Si and µc-Si regions). To reflect this 
phenomenon in the electrical simulation, we will assume a high band energy 
and accordingly high band offsets for the µc-Si:H(n) with respect to c-Si, 
while adopting an enhanced carrier mobility to reflect the higher conductivity 
typically exhibited by doped microcrystalline silicon films [145].  
It is to be noted that the simulation input parameters for the µc-Si:H(n) 
thin film used for the conductive DBR scheme differs from the µc-Si:H(n) thin 
film used for modelling hybrid heterojunction silicon wafer solar cells, in 
which the latter is modelled as a pure µc-Si phase as compared to a mixed 
phase in the former. Table 5.3 summarizes the key simulation input 
parameters for the µc-Si:H(n) thin film developed in this chapter. 
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Using the simulation parameters listed in Table 5.3, Table 4.2 and 
Table 4.4, the influence of a rear DBR on the optical as well as electrical solar 
cell performance will be investigated and compared to the reference solar cell 
(i.e. not using a DBR as sketched in Figure 5.11(a)). Since all discussions in 
the earlier sections were focused on a planar substrate, we will adopt a 
modified heterojunction silicon solar cell structure as sketched in Figure 5.1 
and re-shown in Figure 5.11, featuring a textured front surface, a planar rear 
surface and two different rear contact configurations. For the standard thick-
nesses shown in Figure 5.11(a), the device is simulated to have a one-sun 
efficiency of 21.86%, an open-circuit voltage of 744 mV, a short-circuit 
current density of 36.9 mA cm-2 and a fill factor of 79.6%. 
 
Parameters µc-Si:H(n) 
Layer thickness (µm) Variable 
Electron affinity (eV) 4.0 
Mobility gap (eV) 1.8 
∆EV with respect to c-Si (eV) -0.46 
Donor (acceptor) doping (cm-3) 1.451019 
Effective DOS in CB (cm-3) 21020 
Effective DOS in VB (cm-3) 21020 
Urbach Energy (VB tail) (eV) 0.05 
Urbach Energy (CB tail) (eV) 0.03 
Urbach tail pre-factor (cm-3 eV-1) 41021 
Electron/hole mobility (cm2/V s) 40 / 4 
Gaussian defect density (cm-3) 2.751019
Gaussian donor peak position from VB (eV) 0.50 
Gaussian acceptor peak position from VB (eV) 0.70 
Neutral σ (for Urbach tail and Gaussian defects)  (cm2) 6.510-16 
Charged σ (for Urbach tail and Gaussian defects)  (cm2) 6.510-15 
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Figure 5.11. Schematic of a modified heterojunction silicon wafer solar cell 
structure with a planar rear surface using either (a) standard thicknesses for the 
a-Si:H(n) BSF and ZnO:Al thin films or (b) optimised layer thicknesses for 
µc-Si:H(n) BSF and ZnO:Al in order to achieve high internal optical 
reflectance at a peak wavelength of 900 nm.  
 
For this device structure, the rear interface reflectance can be calcu-
lated using a slightly modified version of the transfer matrix program from 
George et al. [146, 147]. Based on a c-Si(n)/a-Si:H(i)/DBR(µc-Si(n)/TCO)/air 
configuration (see dotted region in Figure 5.11(b)), this program can calculate 
the internal optical reflectance at the c-Si rear interface, as well as the parasitic 
absorbance and total transmittance of the individual layers, for incident 
photons in the 300 - 1200 nm range.  
 
5.2.5.1 Reflectance, Absorptance, Transmittance 
Figure 5.12 shows that by increasing the number of DBR unit blocks, a 
significant drop in transmitted light (i.e., unabsorbed photons) is observed, 
while the interface reflectance increases markedly and resembles that of our 
conductive DBR on glass and Al-coated substrates. Hence, higher optical 
generation rate near the rear of the c-Si(n) substrate arising from the improved 
interface reflectance is expected. In addition, the combined absorbance by the 
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conductive DBR increases with the number of DBR unit blocks, since the 
extinction coefficients of both conductive materials are non-zero. Hence, the 
resulting optical generation rate at the rear surface is a trade-off between 
increasing rear optical reflectance and increasing parasitic absorbance with 
more DBR unit blocks. It is worthy to note that a single DBR unit block alone 
cannot enhance the optical generation rate at the rear, evident from the low 
interface reflectance in the target wavelength range (700 - 1100 nm), see 
Figure 5.12(a). A minimum of two DBR unit blocks is needed. This is likely 
due to the fact that a Bragg reflector requires several periodic DBR unit blocks 
in order to achieve an overall high optical reflectance. Furthermore, the 
incident light will interact with the intrinsic a-Si:H buffer layer present at the 
interface. It is again noted that the parasitic absorbance for high energy 
photons (i.e., with wavelength < 800 nm) is irrelevant for the device 
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Figure 5.12. (a) Calculated internal interface reflectance, (b) combined 
absorbance by the conductive DBRs and (c) transmittance through the 
conductive DBRs for a heterojunction silicon wafer solar cell sketched in 
Figure 5.11(b), i.e., a c-Si/a-Si:H(i)/DBR(µc-Si/TCO)/air configuration. The 
thicknesses for the intrinsic a-Si:H, µc-Si:H(n) and ZnO:Al are 3, 69 and 142 
nm, respectively, for the conductive DBR. For the standard case, the thick-
nesses for a-Si:H(n) and ZnO:Al are 20 and 80 nm, respectively. 
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5.2.5.2 Optical generation / photogeneration current density 
Finally, the complete heterojunction silicon solar cell structure as 
sketched in Figure 5.11(b) is simulated using Sentaurus TCAD for varying 
numbers (up to 5) of DBR unit blocks. Three-dimensional optical and 
electrical simulations have been performed. The resulting optical generation 
rates above the non-contacted regions of Figure 5.11 already demonstrate the 
feasibility of using multiple DBR unit blocks at the rear of the solar cell, see 
Figure 5.13. 
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Figure 5.13. (a) Simulated optical generation profile for the non-contacted 
regions in the schematic of Figure 5.11; (b) Corresponding integrated photo-
generation current density as a function of the position within the wafer. 
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The optical generation rate (or equivalently the collectable photo-
current) is increasing if multiple DBR unit blocks are used. As already 
discussed, using only one DBR unit block is insufficient. In that case the 
optical generation profile is lower than the standard configuration (i.e., using 
no DBR, and applying the standard thicknesses of the µc-Si:H(n) and ZnO:Al 
layers). For the heterojunction silicon wafer solar cell architecture using 5 
DBR unit blocks on a thick silicon wafer (220 µm), the improved internal rear 
reflectance leads to an enhanced optical generation rate, which corresponds to 
an enhanced integrated photogeneration current density of 42 mA cm-2, see 
Figure 5.13(b). A noticeable optical enhancement starts from 50 µm onwards, 
which demonstrates the feasibility of this concept using ultra-thin wafers as 
well. It is to be noted that the short-circuit current density of the solar cell is 
generally lower than its photogeneration current density due to recombination 
losses in the bulk or at surfaces or interfaces.  
 
5.2.5.3 Current-voltage characteristics 
Figure 5.14 and Table 5.4 sum up the results obtained from the 3D 
electrical simulations performed with Sentaurus TCAD. Some key 
observations are:  
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Figure 5.14. Simulated J-V characteristics of heterojunction silicon wafer solar 
cells as sketched in Figure 5.11, using variable numbers of DBR unit blocks. 
The insets show a zoom-in at the short-circuit current density and near the 
maximum power point regions. 
 
a) Using 5 DBR unit blocks, an efficiency improvement of 1.6% absolute can 
be achieved. The simulated device has a significantly higher short-circuit 
current density as compared to the standard configuration (i.e., a Jsc increase of 
1.7 mA/cm2). Furthermore, a significantly lower series resistance is observed 
in agreement with the findings outlined earlier. This leads to an overall one-
sun solar cell efficiency approaching 23.5% (which is to be compared to the 
simulated standard cell efficiency of 21.9%). 
b) If only one DBR unit block is used, a lower short-circuit current density 
(36.7 mA/cm2) as compared to the standard configuration (36.9 mA/cm2) is 
predicted (as discussed above). However, due to the lower series resistance 
using thicker layers a higher fill factor exceeding 81% is obtained, and the 
simulated cell efficiency (~ 22.2%) still exceeds the standard case. 
c) Generally, the open-circuit voltage using the conductive DBR is slightly 
lower compared to the standard configuration. This can be attributed to the 
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increased absorption and higher recombination rates associated with higher 
carrier densities. 
 
Table 5.4. Simulated solar cell performance of the heterojunction silicon wafer 












Standard 220 21.86 36.89 744.5 79.61 
1 DBR unit block 220 22.25 36.73 742.6 81.58 
2 DBR unit block 220 22.97 37.86 743.4 81.63 
3 DBR unit block 220 23.39 38.50 743.3 81.72 
5 DBR unit block 220 23.46 38.60 743.6 81.73 
Standard 50 20.67 32.60 761.9 83.22 
5 DBR unit block 50 21.46 33.75 761.7 83.50 
 
Given the potential cost savings if thinner wafers are used, we compare 
the device performance using either a thick substrate (220 µm) or a thin 
substrate (50 µm), and utilising either the standard a-Si:H(n)/ZnO:Al thickness 
or applying 5 DBR unit blocks [µc-Si:H(n)/ZnO:Al] at the c-Si rear surface 
(see Table 5.4 and Figure 5.15). In comparison, a lower short-circuit current 
density of ~33.8 mA/cm2 is predicted for a thin substrate using 5 DBR unit 
blocks, which is nevertheless a relative improvement of ~3.5% as compared to 
the standard case (no rear DBR, standard a-Si:H(n)/ZnO:Al thickness). In 
addition, the thin substrate shows a higher open-circuit voltage than the thick 
substrate, in accordance with experimental findings by Panasonic [148]. The 
increase in open-circuit voltage with decreasing wafer thickness can be 
attributed to a reduced bulk recombination (given that the surface passivation 
is already so good that surface recombination is no longer a dominant 
recombination channel). Given that the photogenerated excess carriers have to 
travel a shorter distance to reach the contacts, the fill factor also improves. 
Correspondingly, the simulation predicts that it should be possible to attain a 
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one-sun cell efficiency of ~21.5% for silicon substrates as thin as 50 µm 
(using our in-house processed heterojunction layers). Further improvement to 
the heterojunction layers can allow higher cell efficiencies to be reached.  
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Figure 5.15. Comparison of the simulated J-V characteristics of the hetero-
junction Si solar cell in Figure 5.11 with the standard rear a-Si:H(n)/ZnO:Al 
film thicknesses or the 5 DBR unit blocks [µc-Si:H(n)/ZnO:Al] for both thick 
(220 µm) and thin (50 µm) substrates.  
 
The simulation results thus clearly demonstrate the feasibility of using 
conductive DBR stacks of periodically stacked μc-Si:H(n) and ZnO:Al films 
at the rear of a heterojunction silicon solar cell, thereby increasing the 
efficiency by 7.3% or 3.8% (relative), using thick or thin wafers, respectively.  
 
5.2.6 Comparison with state-of-the-art concepts  
 
It is relevant to compare the performance prediction of our conductive 
DBR stacks to dielectric DBR stacks or hybrid (dielectric/conducting) DBR 
stacks which have been reported in literature. For example, Zeng et al. [60] 
have reported the application of a hybrid DBR stack consisting of SiO2/Si 
films on a thick (675 µm) crystalline silicon substrate to provide a relative cell 
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efficiency gain of ~8% as compared to the standard cell. This compares 
favourably with our simulated relative cell efficiency gain of 7.3% for a 220 
µm thick substrate, despite the inherent parasitic absorption losses exhibited 
by the conductive thin-film materials. Pure dielectric stacks are expected to 
perform even better for light trapping in the near-IR wavelength regions since 
parasitic absorption losses are entirely absent, however additional procedures 
are required to create metal contacts to the substrate, which do increase 
process complexity. Using conductive DBR stacks instead presents a balance 
between reduced number of processing steps and delivering sufficiently high 
rear optical reflectance for light trapping purposes. A corresponding device 
fabrication is planned in the future to validate the conductive DBR concepts 
and cell efficiency improvements. 
 
5.3 Chapter summary 
In this chapter, we have demonstrated the feasibility of using suitably 
designed periodic stacks of μc-Si:H(n) and ZnO:Al films (DBR unit blocks) to 
establish a conductive distributed Bragg reflector (DBR) at the rear of a 
heterojunction silicon wafer solar cell, in order to enhance the internal optical 
reflectance of long-wavelength photons and therefore increase light trapping. 
An efficiency increase up to 7.3% (relative), i.e., from 21.9% to 23.5% 
(absolute) is predicted, using 5 DBR unit blocks. The key findings are 
summarised as follows:  
 
(i) Unlike dielectric (insulating) Bragg reflectors, both materials used in this 
work, i.e., the n-doped microcrystalline silicon and the TCO thin-films 
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have non-zero extinction coefficients. Thus parasitic absorption in these 
layers has to be considered. 
(ii) Experimentally, increasing the number of DBR unit blocks leads to (a) an 
increased peak reflectance and (b) an increased conductivity of the 
combined stacks. Both effects will enhance the solar cell efficiency of the 
heterojunction solar cell. 
(iii) Simulation studies indicate that when the conductive DBR is placed at the 
rear of a heterojunction silicon solar cell, at least 2 DBR unit blocks are 
needed in order to enhance the internal reflectance. No more than 5 DBR 
unit blocks are needed in order to achieve maximum efficiency enhance-
ment. Three DBR unit blocks are already achieving 95% of the maximum 
possible efficiency enhancement. With more than 5 DBR unit blocks, a 
drop in the cell efficiencies is predicted, arising from the reduced 
reflection bandwidth, with minimal improvement to the sheet resistance of 





CHAPTER 6 : Evaluating hybrid heterojunction solar cells 
with rear heterojunction point contacts 
 
This chapter performs a 3D numerical modelling and analysis of the 
efficiency potential of a novel hybrid heterojunction silicon wafer solar cell 
concept [149]. The influence of different rear contacting schemes and varying 
rear contact area fraction on the solar cell performance of hybrid cells is 
compared to conventional heterojunction silicon wafer solar cells and 
conventional diffused solar cells for both the front emitter and rear emitter 
configurations. A full three-dimensional optical and electrical simulation is 
performed, which, according to our knowledge, is the first time a 3D 
modelling of a heterojunction solar cell has been demonstrated. 
6.1 Methodology 
To begin, a set of simulation parameters calibrated to the in-house 
developed diffusion profiles and silicon/dielectric thin-film layers had to be 
developed as already outlined in Chapter 4. Figure 6.1 shows the schematic of 
the different solar cells structures investigated in this chapter. In the simulation, 
n-type Cz silicon wafers with a thickness of 150 μm, resistivity of 5 Ω cm, and 
a bulk lifetime of 10 ms is assumed. The passivation layers consist of either a 
40 nm/100 nm thick stack of aluminium oxide and silicon nitride (AlOx/SiNx), 
or of a 75 nm thick SiNx layer alone. For the diffused and hybrid cells, the 
rear-side passivation is locally opened (forming point-contacts) and contacted 
either by the conventional diffused contacts or by heterojunction contacts, i.e. 
a stack of intrinsic/doped a-Si:H layers or a single layer of doped μc-Si:H (see 
Figure 6.1(c) to (f)). The corresponding layer thicknesses for the hetero-
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junction a-Si:H(i), a-Si:H(n), a-Si:H(p), μc-Si:H(n), μc-Si:H(p) layers are 5, 
20, 20, 20 and 20 nm, respectively. 



























Figure 6.1. Schematic of the 8 investigated cell types, investigating both front 
and rear emitter configuration, using either diffused homojunction cells, 
hybrid (homojunction/heterojunction) cells, or full-area heterojunction cells.  
 
For the full-area heterojunction cells, the rear is contacted by a stripped 
metal contact with the same dimensions as the front metal contacts, with the 
TCO providing the necessary lateral transport of carriers. To simplify the 
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analysis, the passivation degradation due to laser ablation and re-passivation is 
not considered. The hybrid heterojunction solar cells sketched in Figure 6.1(a) 
to (d) are to be compared to conventional heterojunction solar cells, see Figure 
6.1(g) and (h), and to conventional diffused solar cells, see Figure 6.1(e) and 
(f), for both front-emitter and rear-emitter configurations and for varying rear 
contact area fractions. 
 
6.2 Results and discussion 
6.2.1 Band diagrams 
Figure 6.2 shows the band diagrams of the hybrid, diffused and full-
area heterojunction solar cells under thermal equilibrium conditions, for both 
front-emitter and rear-emitter configurations. The hybrid cells have the same 
front-side architecture as the diffused cells, differing only in their rear-side 
contact system. The rear contact of a diffused cell is degenerated (i.e. the 
Fermi level goes above/below the conduction/valence band, see Figure 
6.2 c, g), whereas a hybrid cell utilising µc-Si rear contacts is non-degenerated 
(Figure 6.2 b, f). Hybrid cells utilising a-Si rear contacts show heterojunction 
band offsets (Figure 6.2 a, e) similar to that of the conventional full-area 
heterojunction solar cells (Figure 6.2 d, h). It is to be noted that the diffused 
(front emitter) cell utilizes the original P-diffusion profile at the back-surface-
field (BSF) regions, resulting in a degenerated BSF band bending. In contrast, 
all hybrid and diffused rear-emitter cells utilize an etched-back P-diffusion 
profile at the front-surface-field (FSF) region, resulting in a FSF band bending 
which is only close to degeneration. 
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Figure 6.2. Band diagrams of hybrid(a-Si), hybrid(μc-Si), diffused and full-
area heterojunction solar cells under thermal equilibrium conditions, for both 
front- and rear-emitter configuration.  
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It is to be noted that while the simulation is performed in three 
dimensions, the one-dimensional (1D) band diagrams shown in each figure are 
extracted at the centre of the point-contacted regions.  
Figure 6.3 shows the additional band diagrams of hybrid(a-Si) cells 
under short-circuit and open-circuit conditions. Under illuminated short-circuit 
conditions, the band diagrams (shown at the centre of the point-contacted 
region) are very similar to the corresponding equilibrium band diagrams in the 
dark, compare Figure 6.3(a, b) with Figure 6.2(a, e). However, not all photo-
generated carriers can be withdrawn from the bulk of the wafer, even under 
short-circuit conditions, resulting in a higher electron and hole carrier density 
compared to the thermal equilibrium state, as reflected from the different quasi 
Fermi energy levels for electrons and holes within the wafer. Under open-
circuit conditions, none of the photogenerated carriers are withdrawn from the 
bulk of the wafer, resulting in an even higher quasi Fermi energy level 
splitting, which is now associated with a significant reduction of band 
bending, compare Figure 6.3(a, b) to Figure 6.3(c, d). 
The open-circuit voltage of the solar cell is indicated as the difference 
between the quasi Fermi levels of electrons and holes in the wafer bulk under 
open-circuit conditions. It is to be noted that for all hybrid cells, under open-
circuit conditions, the band bending induced by the contact region (i.e. by the 
heterojunction layers, shown at the centre of the point-contact region) is very 
similar to the band bending induced at the passivated regions, see Figure 6.3. 
This similarity stems from the negative/positive surface charge of the AlOx or 
SiNx dielectric passivation layers, which have a similar effect on c-Si band 































































































































Figure 6.3. Band diagram for hybrid(a-Si) solar cells using either a front 
emitter or a rear emitter configuration under short-circuit and open-circuit 
conditions. In each graph, two band diagrams are shown: (i) at the a-Si:H rear 
contact region and (ii) at the centre of the rear passivated region.  
 
6.2.2 Comparison of hybrid solar cells to diffused solar cells  
 
The one-sun current-voltage characteristics of the various solar cells 
discussed in Section 6.1 (i.e. hybrid(a-Si) solar cells, hybrid(μc-Si) solar cells, 
and diffused solar cells) have been calculated as a function of the rear contact 
area fraction and compared to full-area heterojunction solar cells. Figure 6.4 
shows the JSC, VOC, FF, and cell efficiency for the investigated solar cells as a 
function of the rear contact area fraction, and for both the front emitter and 
rear emitter configurations. The following observations can be made: 
Hybrid(a-Si) solar cells (having front-side diffused contacts and rear-
side a-Si:H heterojunction point-contacts) exhibit the highest solar cell 
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efficiency potential as compared to conventional diffused solar cells as well as 
hybrid(μc-Si) solar cells for both front-emitter and rear-emitter configurations 
(see Figure 6.4 a, e). For the front-emitter configuration, the hybrid(a-Si) cells 
also outperform the conventional full-area heterojunction solar cells (see 
Figure 6.4 a). In particular, using the diffusion profiles and heterojunction 
layers processed in SERIS, a simulated cell efficiency of 23.4% for the 
hybrid(a-Si) solar cell is predicted (compared to a diffused solar cell efficiency 
of 22.7% and a full-area heterojunction solar cell efficiency of 23.0%) for the 
front emitter configuration. For hybrid(μc-Si) solar cells, significantly lower 
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Figure 6.4. Simulated solar cell J-V parameters (efficiency, open-circuit 
voltage, short-circuit current, fill factor) under a variation of the rear point 
contact area fraction for front emitter cells (left) and for rear emitter cells 
(right). Four solar cell structures are compared: hybrid(a-Si) cells, hybrid(µc-
Si) cells, conventional diffused cells, and conventional full-area heterojunction 
cells. The solid, open, and half-open symbols within the plot refer to the a-Si 
contacts, diffused contacts and µc-Si contacts respectively. The symbols 
outside of the plot area refer to the full-area heterojunction cells. 
 
128 
A different rear contact geometry is required to reach the optimum cell 
efficiency for all solar cell structures using local rear-side contacts, i.e. 
hybrid(a-Si), hybrid(μc-Si) and diffused cell structures. Whereas hybrid(μc-Si) 
and diffused cells require very small rear-side contact area fractions (close to 
4%), for hybrid (a-Si) solar cells a large process window is present (i.e. 7-
20 % rear contact area fractions for the hybrid(a-Si) front emitter cells, and 
20-50 % rear contact area fractions for the hybrid(a-Si) rear emitter cells, see 
Figure 6.4. 
Hybrid(a-Si) solar cells can outperform all other solar cell architectures 
discussed, however only if using a front emitter configuration. For our 
simulated rear emitter configuration solar cells, the full-area heterojunction 
cells perform better than both the diffused cells and the hybrid cells. Based on 
our simulation results, this is due to the fact that hybrid(a-Si) cells in a rear 
emitter configuration experiences a much faster reduction of the fill factor 
with shrinking rear point contact size as compared to the front emitter 
configuration (see Figure 6.4 d, h). This will be discussed in more details in 
one of the following sections.  
Overall, cells benefit from utilising rear point contacts, due to an 
improvement in their open-circuit voltage VOC (see Figure 6.4 b, f). However, 
this improvement is less obvious for hybrid(a-Si) cells as compared to 
hybrid(μc-Si) cells or diffused cells. As expected, the open-circuit voltage of 
hybrid(a-Si) cells is always higher compared to diffused cells or hybrid(μc-Si) 
cells, but lower than pure heterojunction cells. In contrast, hybrid and diffused 
cells can reach higher short-circuit current densities JSC than full-area 
heterojunction solar cells (see Figure 6.4 c, g). Using point-contacts instead of 
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full-area contacts at the rear does increase JSC (due to enhanced internal rear 
reflectance at the passivated regions and reduced parasitic absorption at the 
contact regions) and VOC (due to reduced contact recombination). However, as 
the rear-side contact fraction reduces, the series resistance of the rear-side 
point contacts increases, which can lead to a significant loss in FF (see Figure 
6.4 d, h). This will therefore determine the optimum rear contact area 
geometry for optimum cell efficiency.  
 
6.2.2.1 Analysis of open-circuit voltage  
Figure 6.4 b, f show that the hybrid(a-Si) cells exhibit higher VOC than 
diffused cells and hybrid(µc-Si) cells. Furthermore, the VOC of diffused cells is 
also consistently higher than the VOC of hybrid(µc-Si) cells. With shrinking 
rear contact size, the VOC of both diffused and hybrid(µc-Si) cells improve 
significantly as compared to hybrid(a-Si) cells, which show only little VOC 
variation. The latter can be attributed to a comparable passivation quality of an 
un-diffused wafer which is passivated either by a stack of intrinsic/doped 
a-Si:H or by dielectric layers (SiNx and AlOx/ SiNx stacks). The corresponding 
effective carrier lifetime is very similar, i.e. it ranges from 2.1 - 3.7 ms at an 
injection level of 1015 cm-3 (see Figure 4.4). Furthermore, the band bending 
induced at the a-Si contact region or the passivated region (due to the surface 
charge of the dielectric layers) is very similar (see Figure 6.3), again 
explaining the relatively small VOC variation with shrinking rear contact size 
for hybrid(a-Si) solar cells. On a side note, the VOC of hybrid(a-Si) rear-
emitter cells is slightly higher (5 mV) than the corresponding hybrid(a-Si) 
front-emitter cells, which can be attributed to the slightly lower defect density 
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modelled within the a-Si:H(p+) layer as compared to the a-Si:H(n+) layer. 
Another possible explanation is the better front passivation for the hybrid(a-Si) 
rear-emitter cells as evident from the lower reverse saturation current densities 
Jo of 40 fA/cm2 as compared to the front emitter case (Jo of 58 fA/cm2), see 
Figure 4.4. 
It is well known that heterojunction contacts such as a-Si:H(i/n+) or 
a-Si:H(i/p+) provide good contact passivation [150], due to their interface 
passivation ability and the presence of the a-Si/c-Si heterojunction band 
offsets, which block minority carriers from reaching the contacts. This is 
nicely illustrated in Figure 6.5, comparing the carrier density and the total 
recombination rates (sum of Auger, Shockley-Read-Hall and radiative 
recombination) of a hybrid(a-Si) solar cell and a conventional diffused solar 
cell, using a full-area rear contact in a front emitter configuration under open-
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Figure 6.5. Comparison of (a) the carrier densities and (b) the total 
recombination rates for a hybrid(a-Si) solar cell and a conventional diffused 
solar cell, using a full-area rear contact in a front emitter configuration under 
open-circuit conditions.  
 
A significantly lower rear surface recombination rate (~3 orders of 
magnitude) is clearly evident for the hybrid(a-Si) front emitter cells. For the 
case of hybrid cells, the large valence band offset at the rear a-Si/c-Si interface 
reduces the back-diffusion of holes into the contact regions, allowing lower 
surface recombination and a higher VOC potential. Hence, for diffused cells 
progressing from a full-area rear contact to point contacts, the reduction of the 
recombination active diffused rear regions improves the VOC performance 
more drastically than the hybrid(a-Si) cells. It is to be noted that the total 
recombination in the bulk of the wafer differs due to different open-circuit 
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voltages obtained for both cells, hence there is a different quasi-Fermi level 
splitting and different carrier density dependent recombination rates.  
Considering hybrid(µc-Si) cells, as the µc-Si:H rear contact is 
modelled with the same bandgap as the c-Si substrate (1.12 eV), the absence 
of hetero band offsets leads to a high contact recombination and results in a 
significant drop in VOC, to values even lower than diffused solar cells. There is 
additional recombination within the µc-Si:H layers, which are more defective 
compared to the doped regions of the c-Si wafer. On a side note, the VOC of 
hybrid(µc-Si) front-emitter cells is higher than the corresponding rear-emitter 
cells. This may be attributed to the slightly higher built-in potential at the rear 
surface using µc-Si:H(n+) films associated with a lower activation energy as 
compared to µc-Si:H(p+) films. 
 
6.2.2.2 Analysis of short-circuit current  
 
Figure 6.4 c, g showed that the short-circuit current density JSC 
generally improves with shrinking rear contact area fraction. This is due to an 
enhanced internal optical reflectance for a c-Si/dielectric/metal structure as 
compared to a c-Si/metal structure or a c-Si/a-Si/metal structure (see Figure 
6.6).  
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Figure 6.6. Calculated internal optical reflectance at the rear-side of the c-Si 
wafer, for the contact regions (i.e. c-Si/metal in case of diffused solar cells and 
c-Si/a-Si/metal in case of hybrid heterojunction solar cells) and for the 
passivated regions (i.e. c-Si/SiNx/metal). 
 
These findings are consistent with reports by Glunz [72] in which 
internal rear optical reflectance of 83% and 95% is reported for an evaporated 
ohmic Al contact on a wafer, and for the passivated rear regions of a PERC 
cell, respectively. Using our simulation data, a rear optical reflectance of 65% 
and 90% is calculated for the contacted and passivated regions instead, in 
which a screen-printed Al contact is used instead of an evaporated one (see 
Figure 6.6). It is to be noted that if additional a-Si layers are used at the 
contact regions (i.e. comparing the internal reflection of a c-Si/metal contact to 
a c-Si/a-Si/metal contact), the optical reflectance at the rear is reduced for the 
short-wavelength regions (300 - 700 nm), which is due to parasitic absorption. 
However, this is irrelevant for device performance as such short-wavelength 
photons are almost completely absorbed within the first 10 μm of the c-Si 
wafer, and will not reach the rear surface of the wafer. According to Figure 
6.6, the passivated regions clearly exhibit higher internal optical reflectance 
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than the contacted regions. Thus a decreasing rear contact area fraction leads 
to an increase in JSC, as observed in Figure 6.4 c, g.  
For front-emitter cells, it is observed that hybrid(a-Si) cells deliver 
higher JSC than diffused cells and hybrid(µc-Si) cells (see Figure 6.4 c), 
whereas this is not the case for rear-emitter cells (whereby JSC is basically the 
same for all cell types, see Figure 6.4 g). The improved JSC of the hybrid(a-Si) 
front-emitter cells can be attributed to the significantly lower saturation 
current density of the a-Si:H(n) back surface field (BSF) region (2 - 20fA/cm2) 
as compared to the n-diffused BSF region (345 fA/cm2) and the µc-Si:H(n) 
BSF region (700 fA/cm2). In contrast, Figure 6.7 shows that the rear-emitter 
devices are limited by interface recombination under short-circuit conditions, 
and independent of the saturation current density of the different rear contact 
configurations. Therefore, the JSC will not improve if comparing hybrid(a-Si) 
cells to diffused and hybrid(µc-Si) cells under a rear-emitter configuration. 
The short-circuit current density of the investigated solar cells under a 
full-area rear contact were further analysed, as then the difference between a 
front- and rear-emitter device configuration is most striking (compare Figure 
6.4 c and Figure 6.4 g). For front-emitter cells under short-circuit conditions, 
there is a total recombination current of 0.64, 1.2 and 3.9 mA cm-2, by 
comparing hybrid(a-Si) to diffused and hybrid(µc-Si) cells respectively. In 
contrast, for rear-emitter cells under short-circuit conditions, the total 
recombination current is always 0.86 mA cm-2, see Figure 6.7. The total 
recombination current under short-circuit conditions corresponds to the 
amount of photons which are absorbed within the c-Si wafer but not 
withdrawn as external current. 
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Figure 6.7. A breakdown of the recombination current losses under short-
circuit conditions for hybrid(a-Si), hybrid(μc-Si) and diffused solar cells with 
a full-area rear contact, in a front- or rear-side emitter device configuration, 
respectively. The contribution percentage as well as the absolute value of the 
recombination current loss is indicated. 
 
The breakdown of the recombination current of front-emitter cells 
demonstrates the importance of reducing interface recombination with respect 
to the short-circuit current density. For the hybrid(a-Si) front-emitter cells, the 
presence of the heterojunction rear contacts reduces the back diffusion of 
minority carriers (holes), allowing a low interface recombination current loss 
(0.04 mA cm-2, corresponding to only 6.7 % of the total recombination loss, 
see Figure 6.4Figure 6.7 a). For cells without the heterojunction rear contacts, 
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much higher interface recombination current loss of 3 mA cm-2 and 0.47 mA 
cm-2 are observed for the hybrid(µc-Si) cells and conventional diffused front 
emitter cells respectively, corresponding to 79.9 % and 39.5 % of the total 
recombination loss, see Figure 6.7 b and c. For all front-emitter cells, it is 
separately verified that the interface recombination reduces with rear contact 
area fraction. For the hybrid(µc-Si) cells and conventional diffused cells the 
key recombination mechanism shifts from interface dominated towards bulk 
dominated by the front-side diffused emitter layer. The significantly higher 
recombination current loss in the hybrid(µc-Si) cells lies in the poor 
µc-Si:H(n)/c-Si and µc-Si:H(n)/metal interface, as well as recombination 
within the more defective µc-Si:H(n) layer. 
In comparison, for the rear emitter cells, interface recombination 
dominates (87 - 89 %), and is independent of the rear contact configurations. 
In addition, the recombination within the diffused FSF is significantly lower at 
0.06 mA cm-2 as compared to the diffused front emitter case of 0.58 mA cm-2. 
This can be attributed to a “shallow” diffused FSF profile used in the rear-
emitter configuration (0.25 m) in comparison to a “deep” diffused front 
emitter profile used in the front-emitter configuration (1.5 um, see Figure 4.3). 
For all rear-emitter cells, it is separately verified that the interface recombi-
nation still dominates even with reducing rear contact area fraction. This can 
be attributed to the significantly lower recombination within the front diffused 
region for the rear-emitter cells as compared to front-emitter cells.  
It is to be expected that an optimisation of the front-side diffusion 
profile towards a more shallow emitter in case of front-emitter solar cells will 
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also switch the short-circuit behaviour towards an interface recombination 
dominated device performance, like observed in the rear-emitter devices. The 
observed difference in JSC comparing hybrid(a-Si), diffused and hybrid(μc-Si) 
cells should then correspondingly vanish. 
The diffused as well as the hybrid cells can always reach higher JSC 
than the full-area heterojunction cells (after an appropriate rear contact 
geometry optimization), which is expected given the absence of the front 
TCO/a-Si layers and their associated parasitic absorption loss.  
For all rear contact area fractions, the JSC for hybrid(a-Si) front-emitter 
cells is slightly higher than for the corresponding rear-emitter cells (~0.1 
mA/cm2), despite the fact that the front-side saturation current density of the 
B-diffused emitter (58 fA cm-2) in case of the front-emitter configuration is 
higher than the front-side saturation current density of the etched-back P-
diffused FSF (40 fA cm-2) in case of the rear-emitter configuration. Since most 
of the photogeneration occurs near the front surface, it is advantageous to use 
a front-emitter concept, in which the photogenerated minority carriers (holes) 
have a significantly shorter distance to reach the (front-side) hole collecting 
junction as compared to a rear emitter concept whereby they have to travel 
through the entire wafer in order to get extracted.  
 
6.2.2.3 Analysis of fill factor 
Figure 6.4  d and h show a comparison of the fill factor of hybrid(a-Si), 
diffused and hybrid(μc-Si) solar cells in a front-emitter and rear-emitter device 
configuration as a function of the rear-side point contact area fraction. As 
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expected, for both device configurations, the fill factor decreases at very low 
rear contact area fractions due to the increasing series resistance of the point-
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Figure 6.8. Breakdown of the series resistance contributions for hybrid(a-Si) 
cells in a front-emitter configuration, using rear-side a-Si:H(n+) heterojunction 
BSF layers (coloured in red) and in a rear-emitter configuration, using rear-
side a-Si:H(p+) heterojunction emitter layers (coloured in green). 
 
However, front-emitter cells first show an increasing fill factor trend 
with reducing rear contact area fractions up to an optimum size before further 
reduction (see Figure 6.4 d), whereas for rear-emitter cells this is the case only 
for hybrid(μc-Si) cells (see Figure 6.4 h). In these cases, the optimum fill 
factor is a trade-off between reduced rear surface recombination and an 
increasing series resistance with shrinking rear contact area fractions.  
For rear-emitter cells, with the exception of the hybrid(µc-Si) cell, the 
diffused and the hybrid(a-Si) cells show a continuous decrease in fill factor 
with reducing rear contact area (see Figure 6.4 h). A separate analysis of the 
series resistance contributions of the hybrid cells in Figure 6.8 shows that the 
hybrid(a-Si) rear-emitter cell (using a rear-side p-doped a-Si:H) has a higher 
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series resistance as compared to the hybrid(a-Si) front-emitter cell (using a 
rear-side n-doped a-Si:H). This is attributed to the higher series resistance 
from the a-Si:H(p+) layer as compared to the a-Si:H(n+) layer, corresponding 
to the modelled 0.1 eV activation energy difference of a-Si:H(n+) compared to 
a-Si:H(p+), see Table 4.2. For rear-emitter hybrid(a-Si) cells, the increase in 
series resistance with reducing a-Si:H(p+) contact area dominates over the 
improved passivation of un-contacted regions, thus an initial FF improvement 
with reducing rear contact area fraction is no longer observable. For rear-
emitter diffused cells, we would expect higher rear surface recombination 
rates given the deep B-diffused emitter profile, and the fill factor should 
improve with a reduction of the rear contact area fraction. However, it has to 
be noted that for rear-emitter cells the photogenerated minority carriers (holes) 
have to transverse the entire wafer to be collected at the rear, and considering 
the lower mobility of holes as compared to electrons together with the require-
ment of lateral transport for point contacts, the effective series resistance for 
the rear-emitter diffused cells is higher than for the diffused front-emitter cells. 
Again, the higher series resistance appears to dominate over the improved 
passivation of un-contacted regions, and the initial FF improvement with 
reducing rear contact area fraction is not observable as well.  
On a side note, the fill factor of the rear-emitter diffused cell is always 
higher than that of the corresponding front-emitter  cell (~3% absolute in case 
of a full-area rear contact), which can be attributed to the lower recombination 
rates associated with the shallower front P-diffusion profile, especially since 
most of the photogeneration occurs near the front surface. Nevertheless, with 
shrinking rear contacts, the fill factor of the rear-emitter diffused cell 
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decreases at a much faster rate as compared to the corresponding front-emitter 
case, which can be explained as before. On the other hand, µc-Si(p+) contacts 
are modelled with much lower activation energy of 0.08 eV and with no band 
offsets towards the c-Si wafer, so that the corresponding series resistances 
contributions are expected to be lower (compared to a-Si:H). Thus an initial 
increase in fill factor with reducing rear contact size is observed for rear-
emitter hybrid(μc-Si) cells. 
 
6.2.3 Comparison of hybrid cells to conventional heterojunction cells 
 
As discussed in Section 6.2.2.2, hybrid cells can reach higher JSC than 
conventional full-area heterojunction solar cells, due to the absence of front-
side TCO and doped/intrinsic a-Si:H layers and their associated parasitic 
absorption for the former. For the same wafer thickness of 150 µm as used in 
our simulation, the additional front-side parasitic absorption in the conven-
tional full-area heterojunction solar cells causes a drop in the potentially 
collectable photocurrent by ~2.5 mA/cm2 (see Figure 6.9). Furthermore, a 
separate analysis of the recombination current losses for conventional full-area 
heterojunction solar cells under short-circuit conditions showed significantly 
lower recombination current losses in the range of 0.2 - 0.4 mA/cm2, in which 
these devices are basically bulk dominated under short-circuit conditions 
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Figure 6.9. Comparison of the photogeneration current density (integrated 
photon absorption rate over the thickness of the wafer) for diffused and hybrid 
cells as well as for full-area heterojunction cells. Assuming a wafer thickness 
of 150 μm, the photogeneration current density is 40.9 mA cm-2 for diffused 
and hybrid cells, and 38.4 mA cm-2 for heterojunction cells. 
 
Hybrid(a-Si) cells exhibit lower VOC than conventional full-area 
heterojunction cells. This is due to the usage of improved heterojunction 
contact passivation at only one side (i.e. the rear side) in case of hybrid cells 
compared to a front and rear side heterojunction contact passivation used in 
case of conventional heterojunction solar cells. The simulated full-area hetero-
junction cells exhibit VOC reaching ~740 mV as compared to hybrid cells 
(~700 mV).  
For a full-area rear contact, hybrid cells exhibit a higher fill factor 
potential than conventional full-area heterojunction cells. This is due to the 
diffusion profile at the front surface which enhances lateral transport and 
collection of photogenerated charge carriers. The fill factor of the optimum 
hybrid(a-Si) front emitter cell is 82.2% as compared to the corresponding front 
emitter heterojunction cell of 80%, an absolute gain of 2.2%. Similarly, the fill 
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factor of the rear emitter hybrid(a-Si) cell is ~0.15% absolute higher than the 
rear-emitter heterojunction cell.  
On a side note, the fill factor of the rear-emitter heterojunction cell is 
~2% absolute higher than the front-emitter heterojunction cell, benefitting 
from the additional lateral transport within the bulk of the c-Si wafer (see 
Figure 6.10), in accordance with the findings from Bivour et al. [151]. This 
also explains why the fill factor gain of rear-emitter hybrid(a-Si) cells is much 
lower than for front-emitter hybrid(a-Si) cells. 
Full-area hetero (front emitter) Full-area hetero (rear emitter) 
 
Figure 6.10. Simulated two-dimensional current flow of conventional hetero-
junction silicon wafer solar cells under maximum power conditions, exhibiting 
a front-emitter device configuration (left) or a rear-emitter device 
configuration (right). Under the rear-emitter device configuration, additional 
lateral transport within the c-Si wafer is observed.  
 
In summary, considering conventional heterojunction silicon wafer 
solar cells (using full-area contacts), simulated cell efficiencies of 22.7% and 
23.1% for a front- and rear-emitter configuration have been obtained 
respectively, assuming the heterojunction layers processed and characterized 
at SERIS, benefitting from the significantly higher VOC (~740 mV) despite the 
lower JSC and FF performance compared to hybrid(a-Si) cells. If full-area 
contacts are also used in the case of hybrid(a-Si) cells, the efficiency of the 
hybrid cells cannot outperform the efficiency of conventional heterojunction 
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cells (i.e. cell efficiencies of 22.6% and 20.3% for front/rear emitter hybrid 
cells have been simulated). However, if heterojunction rear point-contacts are 
used instead of full-area contacts, the hybrid cells can outperform the 
conventional heterojunction cells (in a front-emitter configuration), i.e. a 
23.4% hybrid cell efficiency has been obtained for an optimum rear contact 
area fraction of ~13%. This corresponds to a relative gain of 3.1% over the 
conventional front-emitter heterojunction cell. The JSC and FF gain at the 
optimum rear contact size for hybrid cells compensates the VOC loss as 
compared to conventional full-area heterojunction cells.  
On a side note, simulated rear-emitter hybrid(a-Si) cell efficiencies are 
lower than the corresponding rear-emitter conventional heterojunction cells in 
this study. Despite the gain in JSC and relatively constant VOC, the fill factor 
now decreases at a much faster rate compared to the front-emitter cells, hence 
limiting the gain in overall cell efficiency. It is to be noted that further 
optimisation of the front diffusion profile in both hybrid cell structures can 
lead to even higher cell efficiencies.  
 
6.3 Chapter summary 
 
Hybrid heterojunction solar cells with a-Si rear contacts can deliver 
improved device performance as compared to conventional heterojunction 
cells as well as conventional diffused cells. Rear point-contacts are shown to 
improve cell performance, although an independent optimisation of the point-
contact size is required for both front- and rear-emitter devices. Hybrid cells 
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utilizing a-Si (intrinsic/doped) heterojunction rear contacts exhibit a contact 
passivation quality which is comparable to the dielectric passivation quality of 
the un-contacted areas, hence delivering a constant high VOC across shrinking 
rear contact sizes. In contrast, when doped µc-Si heterojunction rear contacts 
are used, they will require very small rear-contact area fractions in order to 
reach high cell efficiency. This is due to the lack of band offsets, degraded 
interface properties, and increased surface recombination rates as compared to 
the a-Si heterojunction contacts. 
Progressing towards rear heterojunction point contacts, with the 
remaining un-contacted regions passivated by a dielectric film, allows a higher 
short-circuit current potential compared to a full-area rear side heterojunction 
contact, due to the enhanced rear internal interface reflectance at the un-
contacted regions as compared to the contacted regions. Contrary to 
conventional heterojunction solar cells, for hybrid heterojunction solar cells 
the collectable photocurrent is now limited by the recombination present 
within the diffused regions of the wafer or at interfaces, although it is still 
higher than the conventional heterojunction solar cells due to the absence of 
parasitic absorption losses in the former. Thus there is a potential for further 
optimization by optimizing the front-side diffusion profile of hybrid solar cells 
(this has not been investigated within this thesis). 
Hybrid(a-Si) front-emitter solar cells (having a front-side boron 
diffused emitter contact and rear-side intrinsic/n-doped a-Si:H heterojunction 
point-contacts) exhibit the highest solar cell efficiency potential, as compared 
to conventional diffused solar cells as well as conventional full-area 
heterojunction solar cells. In particular, using the diffusion profiles and 
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heterojunction layers as processed in SERIS and described above, a simulated 
cell efficiency of 23.4% for the hybrid(a-Si) solar cell is predicted (as 
compared to a diffused solar cell efficiency of 22.7% and a heterojunction 





CHAPTER 7 : Summary and further work 
 
Conventional heterojunction silicon wafer solar cells are promising 
candidates to reach high solar cell efficiencies at low manufacturing costs, 
given the feasibility to use thinner wafers (< 100 µm) due to the low-
temperature processing steps involved. This thesis addressed three main types 
of losses associated with conventional heterojunction solar cells, namely 
interface recombination losses, front optical losses and rear optical losses, and 
discussed potential improvement strategies for each of them. This was done by 
(I) optimizing the doped silicon thin-film layers, i.e. using microcrystalline 
silicon deposited in the transition region, instead of using conventional 
amorphous silicon, (II) using a conductive “Distributed Bragg Reflector”, 
DBR, at the rear of the solar cell, and (III) investigating a novel solar cell 
architecture, i.e. a hybrid (front-side diffused, rear-side heterojunction) solar 
cell concept using rear-side heterojunction point-contacts. The efficiency 
potential of applying these improvement strategies on a real device was 
determined using three-dimensional numerical device simulations.  
(I) Device-quality doped microcrystalline silicon thin films (μc-Si:H), 
(with device relevant thicknesses i.e. < 20 nm) were developed, and evaluated 
to be suitable for heterojunction solar cell applications. The doped silicon 
films were grown in the transition region from amorphous to microcrystalline 
silicon, exhibit a high optical transparency (band gap ~2 eV), sufficiently high 
electrical conductivity, and do not degrade the underlying intrinsic amorphous 
silicon buffer layer responsible for the surface passivation of the c-Si wafer. 
Using these doped thin-film layers, not only a device relevant high effective 
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carrier lifetime of 2.4 ms on a p+/i/c-Si(n)/i/p+ heterojunction carrier lifetime 
structure was achieved, these layers also enable a higher built-in potential 
(higher doping efficiency) as compared to standard doped amorphous silicon 
thin films, a-Si:H. Micro-Raman spectroscopy technique was used to 
characterize both the bulk structural properties of the fabricated doped silicon 
thin films as well as their interaction with the underlying intrinsic a-Si:H 
buffer layer. Subsequent simulation studies suggested that the optimal 
deposition condition of the doped silicon films delivers both efficient field 
effect passivation as well as further improvement to the c-Si/a-Si:H(i) 
interface quality (~2 orders of magnitude reduction in the interface defect 
density). This is evident from the improved carrier lifetime curves upon the 
addition of the developed doped silicon thin-film onto the intrinsic buffer layer, 
in contradiction to other reports which report degradation due to the 
application of the doped silicon thin-film layers.  
(II) A novel conductive distributed Bragg reflector (DBR) was 
developed, consisting of the in-house developed n-doped microcrystalline 
silicon thin films, μc-Si:H(n), and an additional transparent conductive oxide 
film, ZnO:Al, suitable for application at the rear of a heterojunction silicon 
wafer solar cell in order to enhance the cell's internal rear reflectance (and thus 
increase the short-circuit current and efficiency of the solar cell). Although the 
conductive films exhibit non-zero extinction coefficients, resulting in a certain 
degree of parasitic absorption, it was demonstrated that the advantages using a 
conductive DBR far outweigh the losses due to some additional parasitic 
absorption: An increasing number of DBR unit blocks was shown to not only 
lead to an increased internal reflectance but also to an increased conductivity 
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of the stacks. Both effects will directly enhance the PV efficiency of the 
heterojunction silicon wafer solar cell. Using 5 DBR unit blocks, an internal 
peak reflectance exceeding 90% (for the target wavelength range of 900 ± 200 
nm) and a sheet resistance lower than 10 Ω/□ was achieved on a glass 
substrate. A corresponding device simulation indicated that if heterojunction 
silicon solar cells adopt such a conductive DBR scheme at the rear of the 
silicon absorber, an efficiency improvement of 7.3% (relative), i.e., from 21.9% 
to 23.5% (absolute) can be achieved, as compared to the case of using the 
conventional standard a-Si:H(n)/TCO thicknesses. 
(III) Hybrid heterojunction silicon wafer solar cells, utilizing a 
conventional diffused front-contact system, exhibit a higher JSC (> 40 mA/cm2) 
and fill factor potential, exceeding those of the conventional heterojunction 
solar cells. In comparison to full-area heterojunction contacts, heterojunction 
rear point-contacts were shown to further improve cell performance, arising 
from a higher short-circuit current potential due to an enhanced internal rear-
reflectance at the passivated regions. An optimization of the rear point-contact 
size is required in order to balance the gain in VOC and JSC with the drop in FF 
with shrinking contact area fraction. This will determine the optimum contact 
geometry enabling the highest cell efficiency. Hybrid solar cells, having a 
front-side boron diffused emitter contact and rear-side intrinsic/n-doped a-Si:H 
heterojunction point-contacts, have the highest solar cell efficiency potential, 
as compared to conventional diffused solar cells and conventional 
heterojunction solar cells. Although the open-circuit voltage of a hybrid solar 
cell is lower in comparison to a conventional heterojunction solar cell, the loss 
in open-circuit voltage is compensated by a gain in short-circuit current and 
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fill factor (i.e. no parasitic absorption losses associated with the front-side 
TCO/a-Si:H layers). In particular, using the diffusion profiles and 
heterojunction layers as processed in SERIS, a simulated cell efficiency of 
23.4% for the hybrid(a-Si) solar cell was predicted (as compared to 22.7% 
efficiency for a diffused solar cell and 23.0% efficiency for a heterojunction 
solar cell). 
 
Future work:  
In this thesis, the µ-Raman analysis approach has been extended to 
study the growth morphology of the doped silicon film and its influence on the 
underlying intrinsic buffer layer. In order to decouple the contribution of the 
silicon absorber from the contribution of the deposited doped and intrinsic 
silicon thin-films, the µ-Raman studies were conducted independently, i.e. 
using a flat glass substrate with either an intrinsic a-Si:H film, a doped μc-Si:H 
film, or a stack of doped/intrinsic silicon thin-films. However, as the silicon 
absorber of a conventional heterojunction solar cell is likely to be textured on 
both sides, the underlying glass substrate should be textured as well to achieve 
pyramidal structures similar to the silicon case, once the technical complexity 
of performing this can be addressed. 
In this thesis it has been demonstrated that depositing doped silicon 
films in the transition region between amorphous and microcrystalline silicon 
benefits from a wide optical bandgap, as well as from an improved conduc-
tivity. However, there has been an alternative solution reported recently by 
others [152-154], which is the usage of doped microcrystalline silicon oxide 
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layers (µc-SiOx:H) in conjunction with an intrinsic a-SiOx:H buffer layer for 
heterojunction solar cell applications. These two approaches should be 
compared with each other. One possible extension of this concept is to replace 
the silicon-based emitter with an ultra-thin dielectric thin-film tunnel layer, 
which possess the desired polarity of fixed charges in conjunction with the 
above-mentioned a-SiOx:H buffer layer for heterojunction solar cell 
applications. In this approach, the usage of a dielectric ultra-thin-film tunnel 
layer can avoid most of the parasitic absorption losses associated with silicon 
films, while possessing the necessary band bending required for charge 
separation and collection to the TCO/metal contacts. 
Given the significant efficiency improvement prediction by using a 
rear-side conductive DBR, one of the future work directions is to realize this 
structure experimentally at the device level. Alternatively, we can also 
consider using a dielectric DBR scheme at the rear of the solar cell coupled 
with a suitable rear contacting scheme, such as laser ablation followed by 
screen printing. In addition, since most of the predicted cell efficiency 
improvements were based on a textured front surface and a planar rear surface, 
it would be relevant to evaluate the efficiency improvements on a silicon 
substrate which is textured on both sides.  
Given the significant efficiency improvement prediction by using a 
hybrid, rear heterojunction point-contact cell concept, one of the future work 
directions is to realize this structure experimentally. To do so, the optimization 
of the front diffusion profile should also be undertaken, which was not within 
the scope of this thesis. For a start, hybrid heterojunction solar cells realized 
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Contrary to dielectric distributed Bragg reflectors (DBR), the films 
used in a conductive DBR generally have a non-zero extinction coefficient, or 
equivalently the presence of absorption in selected wavelength regions. This 
can be clearly seen in both our n-doped hydrogenated microcrystalline silicon 
thin films μc-Si:H(n) at short wavelengths (< 600 nm) due to its mobility gap, 
and ZnO:Al thin films at long wavelengths (> 900 nm) due to free carrier 
absorption. Hence, the gap-midgap ratio used to determine the reflection 






௡෤భା௡෤మ ቁ   (A1) 
where ෤݊ଵ and  ෤݊ଶ can be expressed as ෤݊ଵ ൌ ݊ଵ ൅ ݅݇ଵ and  ෤݊ଶ ൌ ݊ଶ ൅ ݅݇ଶ for 
the μc-Si:H(n) and ZnO:Al films, respectively. Multiplying both the top and 
bottom terms with the complex conjugate of the denominator, and after some 
simplifications, Eqn. A2 can be obtained. By setting ݇ଵ and ݇ଶ to zero, it can 
be easily verified that Eqn. A2 reduces to Eqn. 2.2 if the selected materials do 






ሺ௡భା௡మሻమାሺ௞భା௞మሻమ ቁ     (A2) 
Conveniently, the arcsine function can be expressed as a Taylor series 
expansion. For the condition |ݔ| ൑ 1, one obtains: 






ଵଵଶ ൅ ⋯(A3) 
It has been verified separately that the term inside the arcsine function 
in Eqn. A3 indeed fulfils this condition.  
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It is sufficient to use the summation of the first four terms, as the contributions 
from higher-order terms to the final evaluated results are minimal. In addition, 
since the evaluated function in Eqn. A2 is still a complex number, it is more 
appropriate to express it using the Euler formula:  
௱ఒ೴
ఒ೴ ൌ ሺܽ ൅ ܾ݅ሻ ൌ ݎ݁
௜ఏ    (A4) 
where r	ൌ	√ܽଶ ൅ ܾଶ	and	θൌarctanሺb/aሻ.	 
Figure A-1 shows a comparison of the calculated gap-midgap ratio 
difference based on both Eqn. 2.2 and Eqn. A2. It is evident that the 
absorption properties of the respective films do play a role in the calculated 
gap-midgap ratio, especially in the short-wavelength region (λ ൏ 400 nm) due 
to the increasing extinction coefficient of the μc-Si:H(n) film as it approaches 
the mobility gap (absorption band edge) [see Fig. 3]. However, there is 
minimal difference in the gap-midgap ratio at our design wavelength of 900 േ 
200 nm obtained from both Eqn. 2.2 and Eqn. A2. To verify this, we utilize 
the FreeSnell [140] program which uses the transfer matrix method to 
investigate an air/5 DBR unit blocks/air configuration at the design 
wavelength. Figure A-2 shows that the reflectance spectra harmonics and 
bandwidth matches for both the ideal case (no absorption) and the practical 
case (with film absorption). The lower peak reflectance at the target 
wavelength is mainly attributed to the absorption by the conductive DBR 
stacks with non-zero extinction coefficients. Hence, for wavelengths above 
400 nm, the wavelength dependent gap-midgap ratio for our conductive DBR 
with complex refractive indices can be approximated by Eqn. 2.2 with 
reasonable accuracy (deviation < 1%). 
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Figure A-1. The percentage differences of the calculated gap-midgap ratio as a 
function of wavelength for two scenarios (i) no absorption from the 
conductive thin films (zero extinction coefficient) and (ii) with absorption. 
The difference is significant for short wavelengths (λ ൏ 400 nm) due to the 
increasing extinction coefficient of the μc-Si:H(n) film as it approaches the 
optical gap (absorption band edge) [see Fig. 4]. 







1.2  Reflectance (ideal) without thin film absorption Reflectance with thin film absorption














Figure A-2. Comparison of the calculated reflectance and absorbance of an 
air/5 DBR unit blocks/air structure for two scenarios (i) no absorption from the 
conductive thin films (zero extinction coefficient) and (ii) with absorption. 
The harmonics of the reflectance spectra matches for both scenarios, while the 
lower peak reflectance at the target wavelength of 900 nm for the practical 
case can be attributed mainly to absorption in the conductive thin films. 
 
